Colloidal interactions of thorium by Haile-Meskel, Frezewd
UNLV Retrospective Theses & Dissertations 
1-1-1996 
Colloidal interactions of thorium 
Frezewd Haile-Meskel 
University of Nevada, Las Vegas 
Follow this and additional works at: https://digitalscholarship.unlv.edu/rtds 
Repository Citation 
Haile-Meskel, Frezewd, "Colloidal interactions of thorium" (1996). UNLV Retrospective Theses & 
Dissertations. 591. 
https://digitalscholarship.unlv.edu/rtds/591 
This Thesis is protected by copyright and/or related rights. It has been brought to you by Digital Scholarship@UNLV 
with permission from the rights-holder(s). You are free to use this Thesis in any way that is permitted by the 
copyright and related rights legislation that applies to your use. For other uses you need to obtain permission from 
the rights-holder(s) directly, unless additional rights are indicated by a Creative Commons license in the record and/
or on the work itself. 
 
This Thesis has been accepted for inclusion in UNLV Retrospective Theses & Dissertations by an authorized 
administrator of Digital Scholarship@UNLV. For more information, please contact digitalscholarship@unlv.edu. 
INFORMATION TO USERS
This manuscript has been reproduced from the microfilm master. UMI 
films the text directly from the original or copy submitted. Thus, some 
thesis and dissertation copies are in typewriter face, while others may be 
from any type o f computer printer.
The quality of th is reproduction is dependent upon the quality of the 
copy submitted. Broken or indistinct print, colored or poor quality 
illustrations and photographs, print bleedthrough, substandard margins, 
and improper alignment can adversely affect reproduction.
In the unlikely event that the author did not send UMI a complete 
manuscript and there are missing pages, these will be noted. Also, if 
unauthorized copyright material had to be removed, a note will indicate 
the deletion.
Oversize materials (e.g., maps, drawings, charts) are reproduced by 
sectioning the original, beginning at the upper left-hand comer and 
continuing from left to right in equal sections with small overlaps. Each 
original is also photographed in one exposure and is included in reduced 
form at the back o f the book.
Photographs included in the original manuscript have been reproduced 
xerographically in this copy. Higher quality 6” x 9” black and white 
photographic prints are available for any photographs or illustrations 
appearing in this copy for an additional charge. Contact UMI directly to 
order.
UMI
A Bell & Howell Information Company 
300 North Zeeb Road, Ann Arbor MI 48106-1346 USA 
313/761-4700 800/521-0600

COLLOIDAL INTERACTIONS OF THORIUM
by
Frezewd Haile-Meskel
A thesis submitted in partial fulfillment of 
the requirement for the degree of
Masters o f Science
in
Chemistry
Department o f Chemistry 
University o f Nevada, Las Vegas 
May 1996
UMI Number: 1 3 8 0 5 1 5
UMI Microform 1380515 
Copyright 1996, by UMI Company. All rights reserved.
This microform edition is protected against unauthorized 
copying under Title 17, United States Code.
UMI
300 North Zeeb Road 
Ann Arbor, MI 48103
© 1996 Frezewd Haile-Meskel 
All rights reserved
The Thesis of Frezewd Haile-Meskel for the degree of Masters o f Science in Chemistry is 
approved.
Co-Chaii emon Hodgdf Ph.D.
Co-' ipencer SteinbdipPh.D.
imng Copsfliftee Member, Charalambos Papelis, Ph.D.
Exatmning Comfnittee Mdmber, Klaus Stetzenbach, Ph.D.
'■y)U
Graduate Faculty Representative, David Kreamer, Ph.D.
&
Dean of the Graduate college, Ronald Smith, Ph.D.
University o f Nevada, Las Vegas 
May 1996
ABSTRACT 
COLLOIDAL INTERACTIONS OF THORIUM
Some organic and inorganic colloids have a strong affinity to bind radionuclides, and 
therefore, enhance their mobility. A colloid’s affinity for binding radionuclides might vary 
with its chemical composition, surface characteristics, and size. Therefore, elemental sorption 
behaviors need to be studied with various types of colloids to understand the fate and 
transport o f radionuclides. This study attempted to determine the interactions of thorium 
with colloidal humic acid and colloidal silica under various aqueous conditions and organic 
carbon from Blue point, Muddy, and Rogers Springs. A colloidal distribution study was done 
in spiked Lake Tahoe and Mono Lake samples. Plutonium was studied as an example for 
other radionuclides. Based on these studies, both thorium and plutonium were associated 
mostly with particles smaller than 0.45/mn. Humic acid and organic carbon were found to 
have little influence on thorium speciation at pH 6 to 8. Thorium complexation was 
dominated by the hydrolysis and polynuclear species of thorium. The dissociation of thorium 
from colloidal silica surfaces, as studied by ligand promoted dissolution, could potentially 
follow either one o f the following reaction schemes:
Scheme 1. Th-S ~ ' - > T h  + S (slow), Th + Xyl ------2~> Th-Xyl (fast). . . . . . .
Scheme 2. Th-S + Xyl Th-Xyl + S
k - i
Scheme 3. Th-S + Xyl —> Th-S-Xyl (fast) Where S=Colloidal silica
T ,
Th-S-Xyl -~--2—> Th-Xyl + S (slow)
*k '“ '
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ACRONYMS AND DEFINITIONS 
Colloid - A spherical particle with approximate diameter o f lnm to 1/um [Buddemeier, 1988; 
Buffle and Leppard, 1995a,b; Buffle and Van Leeuwen, 1992; Ramsay, 1988]
Humic acid (HA) - Organic polyelectrolyte macromolecules that are the principal organic 
component of soils and water [Choppin, 1988]. They have aromatic and aliphatic chains with 
carboxylic, phenolic, alcoholic functional groups 
ICP-MS - Inductively Coupled Plasma-Mass Spectrometry
LUDOX-SK - A colloidal silica with a negative particle charge, average particle diameter of 
12 nm, and specific surface area o f230 m2/g
LUDOX-TMA - A Colloidal silica with a negative particle charge, average particle diameter 
o f 22nm, and specific surface area o f 140 m2/g 
NBS - National Bureau o f Standards
NIST - The National Institute o f Standards and Technology (formerly known as the 
National Bureau of Standards (NBS)
NMWL - Nominal molecular weight length. The average o f a range of molecular weights that 
pass through a specific pore size filter. The NMWL is a guide to the molecular weight range 
above which each type o f ultrafilter will efficiently retain macromolecules 
NTS - Nevada Test Site 
Pu - Plutonium
Radiocolloids - Colloidal materials that have radionuclides adsorbed on them.
SF - SPLITT Fractionation. A fractionation technique that separates particles according to 
their diffusion rate in a SPLITT cell
viii
SPLITT cell - Splh-flow lateral-transport thin celL A particle fractionation tool that separates 
particles according to their diffusion rate across a thin channel having two splitters in the 
incoming and outgoing streams
TCFF - Tangential cross flow filtration. A filtration mechanism that separates colloidal 
particles using filters with a predetermined NMWL. In TCFF, the aqueous sample flow is 
directed across the membrane surface to reduce particle buildup on the membrane surface 
Th - Thorium
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CHAPTER 1 
INTRODUCTION
Groundwater mobility and surface water resident times of radionuclides are a function 
o f their speciation. Species can include free metals ions, hydrolysis products, metal-ligand 
complexes, and colloidal compounds. Colloids are particles with diameters from lnm to 1 pm 
[Buddemeier, 1988; Buffle and Leppard, 1995a,b; Buffle and Van Leeuwen, 1992; Ramsay, 
1988]. Due to their small size, large surface area, sorption sites, and mobility [McDowell- 
Boyer et al., 1986], colloids are important for radionuclide migration. In groundwater, 
colloids may consist of rock fragments, precipitation products, bacteria, and organic material 
[Vilks et al., 1988]. Radionuclides such as thorium, which has a diameter of lA [Baes and 
Mesmer, 1976], may become attached to these colloidal materials by sorption or co­
precipitation to form radiocolloids [Vilks et al., 1988] which may increase the resident time 
o f the radionuclide in surface waters and their solubility. If colloidal material migrates through 
a groundwater system, radionuclide transport can be enhanced [Vilks et al., 1988]. This thesis 
focuses on exploring the importance of colloids with regard to the aqueous chemistry of 
thorium. Colloidal interaction of plutonium was also studied briefly.
Numerous studies have shown that radionuclide mobility is enhanced both by organic 
[Marley et aL, 1993] and inorganic [Kingston and Whitbeck, 1991] colloids. Processes at the 
solid/solution interface determine the migration behavior o f metal cations in the groundwater 
aquifer environment [Kohler et a l, 1992]. It is thus important to study surface complexation 
reactions. Silica colloids have been shown to be the predominant colloids in many Nevada 
Test Site (NTS) groundwaters [Kingston and Whitbeck, 1991] and were chosen to be the
1
2subject of this thesis research. Humic materials are also potentially important in radionuclide 
migration, due in part to their strong complexing interaction with metal ions [Choppin, 1988]. 
Binding of thorium to organics rather than inorganics, under some conditions has been 
demonstrated [Gafihey et al., 1992]. Humic acid was used as the organic ligand in this thesis 
research.
The mobility of radionuclides can be affected by both thermodynamically and 
kinetically controlled processes. Both types of information are necessary to describe 
radionuclide transport behavior. The kinetics o f metal-colloidal interactions were included in 
the thesis research since it helps determine biological activity and rates o f removal of 
radionuclides from the water column. Complexing agents in radioactive wastes can play an 
important role in speciation o f radionuclides. Complexing agents can increase radionuclide 
solubility [Ramsay, 1988]. EDTA is a typical man made ligand found in nuclear waste 
disposal sites. The problems associated with radionuclides entering the aquatic system are 
mainly determined by the solubility and bioavailability o f the radionuclides. The extent that 
radionuclides are solubilized is determined by their capacity to be complexed by colloidal 
substances that are already in solution. Industries, such as nuclear materials processing 
facilities have released aqueous wastes containing radionuclides from their facilities to unlined 
seepage basins for many years. Savannah River Site near Aiken, SC is one area where this has 
occurred for over a 33-year period [Kaplan et al., 1994]. A study o f this site has shown 
actinides associated with groundwater colloids [Kaplan et al., 1994].
The concentration of thorium in solution is dependent on its capacity to interact with 
colloidal materials. In the absence of colloids, thorium is known to hydrolyze extensively at
3pH values found in natural environments. Some of the hydrolysis products of thorium are 
Th(OH)4,Th(O H )3+,Th(OH)22+, Th(O H )3 +, Th2 (OH)35+, T h 2(OH) 2* ,  Th4(OH) g8+, 
The (OH)I4 I<H, and The (OH) is ^  > [Baes and Mesmer, 1976]. Although several studies have 
been done in the areas of colloidal sampling [Paul Scherrer Institute, 1989; Buffle and 
Leppard, 1995b], such characterization o f colloids properties [Paul Scherrer Institute, 1989; 
Buffle and Leppard, 1995a,b], and concentration (number o f colloidal particles per unit 
volume) [Paul Scherrer Institute, 1989], the mechanism involved in radionuclide-colloid 
interaction is not yet fully explained. It is o f importance to study these interactions in order 
to establish a data base that can be used to model radionuclide mobility in aquatic 
environments.
Ligand promoted dissolution from mineral surfaces has been suggested for many 
years as an important environmental desorption mechanism for metals [Lin and Benjamin, 
1990]. Several metal complex forming ligands have been used in the past to study the 
desorption behavior of metals. Ligands used include arsenazo-in (3,6-bis [2-arsonophenyl]- 
azo-4,5-dihydroxy-2,7-naphthalene disulfonic acid [Cacheris and Choppin, 1987], 
chlorophosphonazo-HI (2,7-bis (4-chloro-2-phosphonophenylazo)-l, 8-dihydroxyl 
naphthalene-3,6,disulphonic acid) [Chen et aL, 1994; Jenkins et al., 1995; Yamamoto, 1973], 
and xylenol orange (3,3'-bis[N-N-di(carboxymethyl) amino-methyl-o-cresolsulphonphthalein] 
sodium salt) [Choppin and Nash, 1981; Ogura et al., 1980; Tikhonov, 1986]. For successful 
desorption study o f thorium from a silica surface, a thorium-ligand complex should have a 
higher stability constant than a thorium-silica surface complex and must shift the equilibrium 
away from thorium-silica complex. Dissociation kinetics o f thorium and humic acid using
4xylenol orange as the exchange ligand have shown that the formation o f thorium xylenol 
orange complex is more favored than the thorium humic acid complex [Choppin and Nash, 
1981]. For this reason, xylenol orange was selected for this investigation o f thorium 
desorption from silica surface.
PURPOSE OF RESEARCH
The overall research goal was to investigate the significance of reactions at the colloidal 
solid/solution interface for predicting radionuclide transport in groundwater using thorium. 
The purpose of this research was to:
1) Investigate the colloidal distribution o f Th-232 and Pu-242 in spiked Lake Tahoe and 
Mono Lake waters using Tangential Cross Flow Filtration (TCFF).
2) Use the split-flow lateral-transport thin (SPLITT) cell to study the behavior o f thorium 
fractionation in commercially available humic acid as well as in organic carbon collected 
from Spring waters.
3) Utilize ligand promoted dissolution to investigate the kinetics of desorption of thorium 
from colloidal silica. Determine the effect o f aqueous conditions such as pH, 
concentrations o f xylenol orange, thorium, and colloidal silica, and thorium-silica 
equilibration time on the sorption kinetics o f thorium and colloidal silica.
5Instrumental principles of operation and theory:
Tangential cross flow filtration (TCFF)
The conventional method of filtration for water samples utilizes direct filtration 
through a membrane filter. This is known to cause bias due to retained material buildup on 
the surface o f the filter restricting flow across the membrane. It also leads to coagulation of 
small particles. In TCFF (Figure 1), flow is directed across the filter membrane surface which 
gives the particles less time for interaction on the surface [Millipore, 1991]. As a result, 
particle buildup will be reduced. Particles that are retained by the filter are collected separately 
from the ones that permeate through the membrane surface (Figure 2). Retained particles can 
be re-introduced to the system to concentrate their volume. The membrane filters used in this 
thesis research have pore size units of either /xm or nominal molecular weight length 
(NMWL). NMWL is the average of a range of molecular weights that pass through a specific 
pore size filter. For example, a NMWL of 3,000 corresponds to a particle size of about lnm 
[Marley et al., 1991].
PROCESS
TANK
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T C F F
FIGURE 1. TCFF OPERATING MODE, ( F = feed, R = retentate, P = permeate)
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FIGURE 2. FLOW PROCESS IN TCFF SYSTEM
Split-flow lateral-transport thin (SPLITT) cell
Separation by SPLITT cell is based on the diffusion of particles across the cell. A 
SPLITT cell is a thin, ribbon like channel having a split plane at both ends. The SPLITT cell 
used in this experiment is 15 cm long, 2 cm wide, and 0.038 cm thick. The cell has two inlets 
and two outlets (Figure 3). The two inlet streams are controlled by a peristaltic pumps and 
a syringe pump. The peristaltic pump controls the flow of the carrier liquid and the syringe 
pump controls the flow o f the sample. Flow out o f the cell through the UV-detector is 
controlled by a separate peristaltic pump. The other flow out of the cell is discharged with out 
any flow control.
7INTEGRATOR
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OUTFLOW
FIGURE 3. SPLITT CELL OPERATING MODE ARRANGEMENT
By adjusting the relative flow rates of the substreams, the position of the inlet splitting plane 
(ISP) which divides the two incoming substreams, and the outlet splitting plane (OSP) which divides 
the two outgoing substreams as shown in Figure 4, can be adjusted as needed [Giddings, 1994]. The 
ISP and OSP separate the cell into three regions. Sample is introduced in to the cell using a loop 
injector that is pumped by the syringe pump at a low flow rate o f approximately 0.4 ml/min. The 
incoming buffer solution is introduced to the cell at a much higher flow rate of 3-4 ml/min. The flow 
differential across the cell compresses the inlet stream from the syringe pump causing the ISP to be 
forced to the top wall o f the cell as shown in Figure 4.
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(from syringe pump)
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Metal Splitter 
Glass cell wall
Teflon gasket 
Plastic block
Outlet
ISP
Sample inflow
Buffer inflow
High moL wt. 
fraction 
(outflow)
— L
Lower moL wt. 
fraction 
(outflow)
FIGURE 4. SCHEMATICS OF SF-1000 SPLITT CELL 
T = transport cell
9Particles of different sizes diffiise across at different rates. A single step operation 
separates samples into two size fractions. The fraction associated with lower diffusion rate, 
therefore higher molecular weight, is detected using UV-VIS spectrometer. Higher molecular 
materials are recovered to a greater extent in this fraction. The SPLITT cell is calibrated with 
substances of known molecular weight. The percent recovered is calculated by using 
Equation 1. A split flow refers to a flow through both outlet streams. A non-split flow refers 
to the total flow where both the outlet streams are forced to exit through the UV detector. 
The percent recovered versus log molecular weight is linear. Using the equation of the line 
obtained from the linear regression result o f the SPLITT cell calibrations, and the calculated 
percent recovery, the molecular weight of the fraction was calculated as shown in Equation 
2. Since the relationship between the percent recovered and the molecular weight is 
logarithmic, a difference in molecular weight o f a few hundred is not resolved. Calibration 
was performed for each sample run using sodium polystyrene sulfonate standards. High 
molecular weight proteins were also used as a comparison (Table B l).
Percent recovery = [(FsA^F^Ans)] *100 percent (1)
Where F = outlet flow rate, A = UV absorbance area 
Subscripts:
s = splitt flow through UV detector 
ns = non-splitt (total) flow 
Percent recovered = m (log mw) + b (2)
Where m = x coefficient (regression value) 
b = constant (regression value)
CHAPTER 2 
EXPERIMENTAL SECTION
Materials and reagents:
Thorium-232 with an activity o f 233 dpm/ml in 5% nitric acid was purchased from 
Inorganic Ventures Inc. in Lakewood, NJ. Pu-242 was obtained as a NIST Reference 
Material 4334D (National Institute o f Technology, Gaithersburg, MD) with an activity of 
9.23dpm/ml. For the colloidal distribution study using cross flow filtration, 10,000 and 
100,000 NMWL Pelican packets and 0.45/im Durapore mini-cassettes were purchased from 
Millipore (Bedford, MA). AG 1-X8 resin was purchased from Bio-rad, (Richmond, CA) and 
used for ion exchange separation o f filtered samples o f plutonium and thorium. A 60-120 
mesh white sand was purchased from Sargent-Welch (Anaheim, CA). Hydrochloric acid, 
nitric acid, and potassium biphthalate were purchased from Baker Chemical Co. (Pillipsburg, 
NJ). Hydrobromic acid was purchased from Mallinckrodt Chemical works (St. Louis, MO). 
Sulfuric acid was purchased from EM Science (Gibbstown, NJ). Hydrofluoric acid was 
purchased from Fisher Scientific (Pittsburg, NJ). Formic acid was purchased from Sigma 
Chemical Co. (St. Louis, MO). Potassium persulfate was purchased from Mallinckrodt Inc. 
(Paris, KY). Hydrogen peroxide was purchased from VWR Scientific (San Francisco, CA).
For the thorium-humic acid interaction study, a 0.2 pm nylon membrane filter, 
purchased from Gelman Science (Ann Arbor MI), was used to filter all aqueous samples prior 
to using the SPLITT cell. The buffer used as a sample carrier was tris (hydroxymethyl) 
aminomethane (Tris-buffer) (Sigma Chemical Co., St. Louis, MO). Sodium hydroxide was 
purchased from Fisher Scientific (Fairlawn, NJ). Sodium polystyrene sulfonate standards were
10
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used to calibrate the SPLITT cell and were purchased from Pressure chemicals in Pittsburgh, 
PA. High molecular weight proteins were also used to calibrate the SPLITT cell and were 
purchased from Sigma Chemical Co. (St. Louis, MO). Humic acid was purchased from Fluka 
Chemical Corp. (Ronkonkoma, NY) and used without further purification.
For the study of the kinetics o f the dissociation o f thorium from colloidal silica, 
commercial colloidal silica, LUDOX-SK was purchased from Aldrich Chemical Company 
Inc., (Milwaukee, WI) as 34% by weight as negatively charged colloidal sol in a buffered 
solution o f pH 4-7. LUDOX-SK has a surface area o f 230 m2/g (measured by the 
manufacturer). The colloidal solution was deionized by the manufacturer to remove sodium. 
Sodium acetate was purchased from MCB (Norwood, OH). Acetic acid was purchased from 
Fisher Scientific (FairLawn, NJ). 3,3'-Bis[N-N-di (carboxymethyl) amino-methyl]-o- 
cresolsulfonphthalein sodium salt, (xylenol orange) was purchased from Fisher Scientific 
(Pittsburgh, PA).
All the sampling bottles used in these studies were washed with soap and water, rinsed 
with tap water, and triple rinsed with 18 mega-ohm nano-pure water. The bottles were then 
soaked in 10 percent trace-element grade nitric acid for three weeks and rinsed again with 18 
mega-ohm nanopure water before use. Polyethylene bottles were used for colloidal sampling 
and spectrophotometric studies. Amber glass bottles were used for Spring water sampling of 
organic carbon. All final rinsing and dilutions of samples were made using 18 mega-ohm 
nano-pure water. All buffer solutions were prepared using an acid and the salts of their 
conjugated base. In the case o f Tris-buffer, 1.2N HC1 was used to lower the pH.
12
Equipment:
A Pellican tangential cross-flow filtration system with masterflex tubing was obtai­
ned from Millipore (Bedford, MA). This apparatus was used to filter and pre-concentrate 
samples for colloidal distribution study. HN-SII Centrifuge from International Equipment co. 
was used in the sample preparation step of the ion exchange method. Canberra-Spectrometer 
Model No. 7401 and Quad-Spectrometer Model No. 7404 with silicon detectors were used 
to count the a-particles emission from thorium and plutonium.
SF-1000, SPLITT cell purchased from Splitt-tech. (Salt Lake UT) was used to 
fractionate thorium species. A Spectro flow UV-Absorbance detector Model No. 757 from 
KRATOS Analytical Instruments with Hewlett Packard integrator Model 3390A was used 
to monitor the high molecular weight SPLITT fraction. A Perkin-Elmer (Norwalk, CT) 
ELAN 5000 Inductively coupled plasma-mass spectrometry (ICP-MS) was used to analyze 
for thorium-232 in the high molecular weight fraction. The inlet and outlet flow rates of the 
carrier buffers to and from the SPLITT cell were controlled by Masterflex cartridge peristaltic 
pumps from Cole-Palmer Instruments Co. A Sage Model 361 ATI Orion syringe pump, from 
Orion Research (Boston, MA), was used for sample introduction through a loop injector. An 
Infrared Dohrmann carbon analyzer from Xertex Corporation (Santa Clara, CA) was used to 
analyze organic carbon. A Varian, DMS 300 UV-visible spectrophotometer from Varian 
Instruments was used to measure the absorbance o f thorium-xylenol complex during the 
kinetic study. It has an accuracy of ±0.004, and reproducibility of ±0.002 absorbance units.
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Field sampling:
Sampling^ite
Lake Tahoe is an alkaline lake with a granitic rock bed. Samples for this study were 
collected on the east side, Nevada side, of the lake as shown in Figure 5. The water was very 
clear. Mono Lake, located in California (Figure 5), is a closed basin saline lake with high algal 
productivity. It is surrounded by Cenozoic volcanic rocks on three sides and Meta 
sedimentary rocks on the remaining side [Domagalski and Eugster, 1990]. Mono Lake water 
has high carbonate alkalinity [Domagalski and Eugster, 1990]. Alkali earth metals precipitate 
as carbonates upon evaporative concentration [Domagalski and Eugster, 1990].
Blue Point, Muddy, and Rogers springs are all part of the White River flow system 
o f  Nevada as shown in Figure 5. Muddy Spring outflows to a public pool. Samples were 
taken at the stream outlet after the pool was drained. Samples were taken close to the outlet 
in Rogers spring. Samples from Blue Point were taken from the spring close to the hill.
NEVADA
CALIFORNIA
UTAH
Lake
Tahoe
Muddy
Blue
Point
M onos
lake Rogers
Las
Vegas
FIGURE 5. FIELD SAMPLING SITES
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Sampling and field data
Sampling took place on March 1995 for the lake samples and on July, 1995 for the 
Spring samples. Four-one liter samples per site were collected both from the lakes and the 
Springs using acid washed polyethylene bottles. For the total organic carbon analysis o f the 
Spring samples, four- 125ml samples per site were collected using acid washed amber glass 
bottles. In the case of the lake samples and the organic carbon samples, water from the same 
sampling location was used as a pre-rinse. The field pH and temperature measurements for 
Lake Tahoe and Mono lake were 8.26 and 0.4°C, and 9.89 and 5.1 °C respectively. The pH 
values for Muddy, Rogers, and Blue point Springs were 7.13, 6.98, and 6.71 respectively.
During sampling of the lakes and organic sampling from the springs, the bottles were 
opened under the water, filled with water, and then capped while still under water. Colloid 
samples from the Springs were filtered through 0.45 pm filter on site. The samples were 
preserved by packing them in ice . They were later refrigerated at 4°C until sample analysis 
began 48 hours later. To reduce sample contamination, plastic gloves were used to handle all 
samples.
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Procedures:
Colloidal distribution
40 pi of thorium-232 in 5% HN03 with an activity of 233 dpm/ml was added to the 
four liter samples collected from lake Tahoe. After twenty four hours, the samples were 
filtered using TCFF system. 24 hours has been suggested to be enough time for thorium to 
reach “equilibrium” with colloids [Choppin and Nash, 1981]. The sample were then filtered 
using a 0.45 pm pore size Millipore mini-cassette filter. The retained particles (>0.45 pm) 
were separated and all the permeates further filtered consecutively using 100,000 NMWL 
(33.3 nm) and 10,000 NMWL (3.3 nm) Millipore Pelican Packet filters.
Four liters of Mono Lake water sample were filtered using 100,000 NMWL. Two ml 
of phitonium-242 in 5% HN03 with an activity o f 9.23 dpm/ml was added to a portion of the 
sample retained by the 100,000 NMWL filter. After twenty four hours o f equilibration, the 
sample was filtered with 0.45 pm filter to separate the particles greater than 0.45 pm. 
Thorium and plutonium were separated from the filtered portions o f the samples by iron 
precipitation and ion exchange separation techniques [U.S. EPA procedures, 1979] followed 
by an electroplating technique [U.S. EPA procedures, 1979] and analyzed by alpha- 
spectroscopy.
Interaction of thorium with humic acid
Humic acid interaction with thorium was studied using the SPLITT cell. ICP-MS was 
used to analyze the SPLITT cell fractionated samples for thorium to determine what fraction 
thorium was associated with high or low molecular weight colloids. The fraction associated
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with the high molecular weight fraction of colloids (percent recovery) was then used to 
calculate the apparent molecular weight of thorium. Humic acid batch samples were prepared 
using 0.01 M tris-buffer, that was prepared in 18 mega-ohm nanopure water, at pH values of 
2, 6,7, and 8. Both the buffer and the humic acid samples were filtered using a 0.2pm filter. 
Thorium was then added to the samples to make the activity o f thorium in the sample 0.117 
dpm/ml. The sample was introduced to the SPLITT cell through a sample injection loop at 
a flow rate of 0.4 ml/min. The sample injection loop has a 0.5 ml volume. Concentrations of 
humic acid, thorium-humic acid equilibration time, and buffer pH were varied. Aside from the 
batch samples, water samples were taken from Muddy, Blue point, and Roger’s springs to 
correlate the presence of colloidal organic carbon with the fraction o f thorium associated with 
the high molecular weight fraction. The organic carbon was measured using carbon analyzer. 
The inorganic carbon in the sample was eliminated after acidification by phosphoric acid and 
bubbling air through the sample to eliminate C 02.
Kinetics of dissociation
Thorium was added to the colloidal silica solution that was prepared using sodium 
acetate buffer. After thorium-silica equilibration of a given time, xylenol orange, made with 
the same buffer as the silica sample, was added. The absorbance was then measured within 
approximately 10 seconds in 1 cm quartz cuvette using a Varian DMS 300 UV-visible 
Spectrophotometer. Absorbance readings were taken every minute for 180 minutes. Solution 
parameters such as pH, thorium-silica equilibration time, concentrations o f colloidal silica, 
thorium, and xylenol orange were varied to see how the solution composition affects thorium
adsorption and complex formation. The same process of taking the absorbance measurements 
was repeated for the various solution parameters. All processes took place at room 
temprature.
CHAPTER 3 
RESULTS AND DISCUSSION
Colloidal distribution
The colloidal distribution study o f spiked Lake Tahoe water indicates that thorium is 
mostly associated with colloidal particles present in the water sample. 80 percent o f  thorium 
was associated with particles smaller than 0.45/^m in diameter (Figure 1, and Table 1).
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FIGURE 6. RADIONUCLIDE ACTIVITIES OF SPIKED LAKE TAHOE AND 
MONO LAKE SAMPLES RELATIVE TO THEIR COLLOIDAL 
DISTRIBUTION.
[Th-232] = 4.3E-08 M, [Pu-242] = 1.9E-12 M
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The plutonium study was done to show the preferential association of plutonium on particles 
<0.45//m in diameter. 98 percent o f plutonium was found to be associated with particles 
between 100,000 NMWL (33 nm) and 0.45/mi in diameter (Figure 1, and Table l).0.45/um
TABLE 1. RADIONUCLIDE ACTIVITIES OF SPIKED LAKE TAHOE AND 
MONO LAKE SAMPLES RELATIVE TO THEIR COLLOIDAL DISTRIBUTION
COLLOIDAL
SIZE
Th-232, LAKE TAHOE 
Counts/ Total 
min Counts, %
Pu-242, MONO LAKE 
Counts/ Total 
min Counts, %
<10K NMWL 0.0807 0.95
10K-100K NMWL 0.5747 6.7
100K NMWL-0.45 //m 6.88 81 4.91 98
>0.45 fj. m 0.9956 11.7 0.09 2
'fote: % recovery of Th-22(2 = 92 %, % recovery o f Pu-2412 = 108 %
K = 1000
is a filter size that is traditionally used to distinguish dissolved and particulate matter. The 
observations of this study confirm the existence o f colloidal uptake of radionuclides. The 
colloids are in a size range that would have been considered dissolved.
Interaction of thorium with humic acid (SPLITT cell data)
This experiment sought to determine the effect of humic acid on apparent molecular 
weight o f thorium. The apparent molecular weight o f thorium is indicative of the molecular 
weight o f thorium complex in the high molecular weight fraction of colloid. By making use 
o f the SPLITT cell calibration data and Equation 2 ( page 9), the apparent molecular weight 
o f  thorium was calculated (Tables 2-4). The humic acid seems to have little influence on
20
thorium complexation at high pH (6-8) shown by the high apparent molecular weight of 
thorium (Tables 2-4). This high apparent molecular weight o f thorium is possibly due to the 
hydrolysis of thorium. The apparent molecular weight o f thorium in the absence and presence 
o f humic acid was 1,600,000 and 2,000,000 (Tables 2-4). The apparent molecular weight of 
thorium in the absence o f humic acid at pH 6 in citrate buffer was -  400 (Table 4). This 
suggests that in the presence of a strong chelating agent, citrate, although at a high pH of 6, 
where thorium was thought to hydrolyze, thorium behaves as a low molecular weight. Some 
o f the hydrolysis products o f thorium might be Th (OH)4, Th(OH) 3+, Th (OH) 2 2+,
Th (OH) 3 +, Th 2 (OH) 3 5+, Th 2 (OH) 2 ^ , Th 4(OH) g 8 +, Th 6 (OH) I41(H, and 
Th 6 (OH) is ^  as suggested by Baes and Mesmer (1976).
At pH 8, the average % recovery of humic acid was 53%. Thorium associated with 
high molecular weight calculated as percent recovery was higher than 53% ( Figure 7). This 
implies that thorium was associated with something other than humic acid. Thorium was 
possibly hydrolyzed due to the high pH level (the presence of OH'). The percent recovery of 
thorium increased with an increase in pH from 6 to 8 (Figure 8). In the absence of humic 
acid, the log o f the apparent molecular weight o f thorium increased with an increase in pH 
from 6 to 7 and decreased as the pH is increased to 8 (Figure 9).
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TABLE 4. EFFECT OF HUMIC ACID ON APPARENT MOLECULAR WEIGHT OF THORIUM
0.001M TRIS-BUFFER, pH 6
(Refer to Tables B10-B13)_____________ _______________________________ ______________________
Th-HUMIC ACID
EQUILIBRATION
TIME
24 HOURS 5 DAYS 11 DAYS
HA CONC. mg/I 0 5 0 5 10 50 5 10 50
REC., %OF HA 66 65 - 69 74 58 66 63 46
MW OF HA 4.2E+4 3.1E+4 - 2.0E+6 5.1E+6 1.7E+5 1.4E+6 6.8E+5 1.1 E+4
Th IN HIGH MW 
FRACTION, %
64 82 51 66 77 61 75 76 62
APPARENT MW 
OF THORIUM
2.8E+4 4.7E+5 3.8E+4 9.5E+5 1.0E+6 3.2E+5 1.3E+7 1.7E+7 5.5E+5
Note: Th in nanopure water and citric acid buffer for 24 hours equilibration time resulted in 38% Th associated 
with high molecular weight fraction and apparent molecular weight of thorium as 437
The apparent molecular weight of thorium at high pH level (6-8) was already high 
(Tables 2-4). Increasing the pH level did not have a significant effect. All the available 
thorium was possibly precipitated. In the presence o f humic acid, no apparent pattern was 
observed. This might imply that as the humic acid concentration is increased, thorium-humate 
complexation is a possibility.
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EQUILIBRATION TIME, DAYS
FIGURE 7. THORIUM-HUMIC ACID INTERACTION AS A FUNCTION OF 
HUMIC ACID CONCENTRATION AT pH = 8. (Refer to Table 2)
DETECTION METHODS: SF AND ICP-MS
The apparent molecular weight of thorium in the Spring samples (Figure 10 and Table 
4) showed little correlation with the colloidal TOC content. The apparent molecular weights 
increased with an increase in TOC. However, the %recovery for the organic carbon, 29%, 
was much lower than the percent recovery for thorium, for Blue Point Spring. This implies 
that thorium was associated with something other than the organic carbon. Thorium
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FIGURE 8. INTERACTION OF THORIUM WITH AND W ITHOUT HUMIC 
ACID AS A FUNCTION OF pH. AVERAGE HUMIC ACID % REC: pH 6, 63%; 
pH 7, 72%; pH 8, 53%, (Refer to Tables 2-4)
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FIGURE 9. LOG OF APPARENT MOLECULAR W EIGHT OF THORIUM AS A 
FUNCTION OF pH (WITH AND WITHOUT HUMIC ACID), (Refer to Tables 2-4)
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speciation is possibly dominated by hydrolysis and further polymerization to form polynuclear 
species. Based on this data, the organic carbon did not have a significant contribution to 
thorium complexation in these Spring samples.
Humic acid and carbonates are two o f the most important oxygen donor ligands 
encountered in natural waters. Both could play a major role in thorium speciation. However, 
it has been suggested by Lieser and Hill (1992) that with increasing pH, the hydroxo 
complexes become the dominant species. These results imply that at high pH, OH is the 
dominant complexing ligand and thorium hydroxide complex polymerize. The thesis data 
supports the notion that at high pH or in the absence o f a strong chelating agent, precipitation 
o f thorium is more favorable than thorium-humic acid complex formation.
o 
2
SB 30
20 25 30 35 40
CONCENTRATION TOC, mg/I
45 50
FIGURE 10. THORIUM INTERACTION WITH SPRING WATERS. 0.001 M CaC03 BUFFER, pH 7. 24 
HOURS EQUILIBRATION TIME. TOC, mg/L: ROGERS SPRING = 20.98; BLUE POINT = 23.52; MUDDY 
SPRING = 46.46, (Refer to Table 3)
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Kinetics of dissociation of thorium from colloidal silica
The dissociation o f thorium from colloidal silica complex was studied by 
spectrophotometric measurements o f the formation of thorium-ligand complex. This 
technique was previously used [Choppin and Nash, 1981] to study the dissociation kinetics 
o f  thorium-humate complex. The ligand used in this thesis research was 3,3'-bis [N-N-di 
(carboxymethyl) amino-methyl]-o-cresolsulfonephthalein, sodium salt, (xylenol orange). The 
absorbance maximum of xylenol orange shifts from approximately 440nm to 565nm when 
thorium-xylenol orange complex is formed as shown in Figure 11.
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FIGURE 11. ABSORBANCE SPECTRA OF XYLENOL ORANGE 
AND Th-XYLENOL ORANGE COMPLEX, pH 6
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As pH is increased from 2 to 3 thorium-xylenol color formation increased as shown 
by the increased absorbance (Figure 12). With a pH increase to 8, the absorbance o f thorium- 
xylenol complex generally decreased. At pH 2, the silica surface is protonated as a result of 
H + competing with thorium ion. At higher pH, OH' competes with xylenol orange for the 
coordinative positions on the metal ion. The low thorium-xylenol orange complex formation 
was an indication o f low adsorption of thorium (+4) on the colloidal silica surface. Thorium 
precipitate does not form a complex with xylenol orange.
0.6
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- 0.1
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FIGURE 12. THORIUM-XYLENOL ORANGE COLOR FORMATION AS A 
FUNCTION OF pH. [Sodium acetate] = 0.001M, [LUDOX-SK] = lg/L, [Th] = 4.3E-06 
M, [Xylenol orange] = 0.001M, Th-Colloidal silica equilibration time = 1 minute. (Reference) 
= Xylenol orange + LUDOX-SK + Buffer. (Sample) = Xylenol orange + LUDOX-SK + 
Buffer + Th-232. All Absorbance values are normalized to their lowest value (Refer to Table 
5)
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FIGURE 13. THORIUM-XYLENOL ORANGE COLOR FORMATION AS A 
FUNCTION OF TIME AND pH. [Sodium acetate] = 0.001 M, [LUDOX-SK] = lg/L, [Th] 
= 4.3E-06 M, [Xylenol orange] = 0.001M, Th-Colloidal silica equilibration time = 1 minute. 
(Reference) = Xylenol orange + LUDOX-SK + Buffer.(Sample) = Xylenol orange + 
LUDOX-SK + Buffer + Th-232. All Absorbance values are normalized to their lowest value. 
(Refer to Table Cl)
At pH 3, the silica surface is negatively charged and thorium adsorption increased 
shown by the increased color formation of thorium-xylenol orange (Figure 13). At pH higher 
than 3, thorium hydrolysis competes with silica complexation. Ultimately, less thorium is 
available for formation of the xylenol complex. The maximum adsorption was observed at pH 
3 (Table 5).
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TABLE 5. ABSORBANCE VALUES FOR THORIUM-XYLENOL ORANGE COMPLEX 
FORMATION AS A FUNCTION OF pH. [Sodium acetate] = 0.001M, [LUDOX-SK] = lg/L,
[Th] = 4.3E-06 M, [Xylenol orange] = 0.001M, Th-Colloidal silica equilibration time = 1 minute.
(Reference) = Xylenol orange + LUDOX-SK + Buffer.
(Sample) = Xylenol orange + LUDOX-SK + Buffer + Th-232
All Absorbance values are normalized to their lowest value
pH 1
MINUTE
5
MINUTES
15
MINUTES
60
MINUTES
120
MINUTES
180
MINUTES
2 0 0 0.229 0.476 0.518 0.536
3 0 0.293 0.424 0.524 0.568 0.594
4 0 0.156 0.249 0.339 0.379 0.401
6 0 0.115 0.184 0.272 0.316 0.342
7 0 0.125 0.205 0.289 0.329 0.352
Due to the hydrolysis behavior of thorium and pH dependence of silica surface 
charge, the interaction of thorium with colloidal silica is pH dependent. Figure 12 shows the 
pH dependence of thorium-xylenol color formation. It is hypothesized that xylenol-orange, 
when added to the sample, complexes with thorium on the silica surface. Once xylenol orange 
adsorbs to thorium on the silica surface, it may begin to polarize, weaken, and finally break 
the thorium-silica bond causing the release of thorium-xylenol complex into solution. This 
mechanism has been suggested by Lin and Benjamin (1990) for mineral surface reactions, 
ligand promoted dissolution of iron and aluminum oxides (and hydroxides) by certain sorbing 
anions and organic substances.
In the presence of silica surface, thorium can complex on the surface either as a single 
ion or as a hydrolysis product and xylenol can form a complex with the thorium In the 
absence of silica surface, thorium-xylenol complex formation was not observed (Figure 14). 
This implies that desorption of thorium from the silica surface before binding to the xylenol
30
orange was not considered likely due to thorium’s insolubility in the absence o f a colloid. In 
the absence o f silica, Th(OH)4 (s) is formed. Therefore thorium is unavailable for xylenol 
orange to form a complex.
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FIGURE 14. THORIUM-XYLENOL ORANGE COMPLEX FORMATION AS A FUNCTION OF 
LUDOX-SK CONCENTRATION. [Sodium acetate] = 0.001 M, pH 6, [Th] = 4.3E-06 M,
[Xylenol orange] = 0.001M, Th-Colloidal silica equilibration time = 1 minute.
(Reference) = Xylenol orange + LUDOX-SK + Buffer.
(Sample) = Xylenol orange + LUDOX-SK + Buffer + Th-232 
All Absorbance values are normalized to their lowest value 
(Refer to Table C2)
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The formation o f thorium-xylenol orange complex increased with an increase in 
thorium concentration as well as xylenol orange concentration as shown in Figures 15 and 16. 
Increasing thorium concentration increased the amount o f thorium available to be complexed 
with xylenol. The increased formation o f thorium-xylenol complex with increasing xylenol 
is indicative o f the ligand dependence o f thorium dissociation from silica surface.
2.5
S 896iS 96S !8S iS §0iS S
TIME, min
[Th]=4.3E-07 M
[Th]=2.1E-06 M
[Th]=4.3E-06 M 
- S -
[Th]=2.1E-05 M
FIG U R E  IS. THORIUM-XYLENOL ORANGE COMPLEX FORMATION AS A FUNCTION OF 
THORIUM CONCENTRATION. [Sodium acetate] = 0.001M, pH 6, [LUDOX-SK] = lg/L, [Xylenol orange] 
= 0.001M, Th-Colloidal silica equilibration time = 1 minute.
(Reference) = Xylenol orange + LUDOX-SK + Buffer.
(Sample) = Xylenol orange + LUDOX-SK + Buffer + Th-232
All Absorbance values are normalized to their lowest value. (Refer to Table C3)
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FIGURE 16. THORIUM-XYLENOL ORANGE COMPLEX FORMATION AS A FUNCTION OF 
XYLENOL ORANGE CONCENTRATION. [Th] = 4.3E-07M, [Sodium acetate] = 0.001M, pH 6, 
[LUDOX-SK] = lg/L, Th-Colloidal silica equilibration time = 1 minute.
(Reference) = Xylenol orange + LUDOX-SK + Buffer.
(Sample) = Xylenol orange + LUDOX-SK + Buffer + Th-232 
All Absorbance values are normalized to their lowest value 
(Refer to Table C4)
The adsorption of thorium on the silica surface increased with an increase in thorium-
colloidal silica equilibration time with exception o f one month sample, as shown in Figure 17. 
The longer the thorium-silica equilibration time, the more thorium is bound to the silica 
surface. Therefore, an increase in thorium-xylenol orange complex formation. However, at 
one month equilibration time, the absorbance o f thorium-xylenol orange complex was
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initially low and increased rapidly with time. It is possible that the thorium adsorbed on the 
silica surface was hydrolyzed which made some of the thorium unavailable to complex with 
xylenol orange.
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w
y  o.o9
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C/3
0.04
- 0.01
■ ' ■■ ■
30 60 90 120
TIME, min
150 180
-V -  Eq. time, 2 hours Eq. time, 10 hours 
Eq. time, 48 hours -A r  Eq. time, 1 Month
FIGURE 17. THORIUM-XYLENOL ORANGE COMPLEX FORMATION AS A FUNCTION OF 
THORIUM-LUDOX-SK EQUILIBRATION TIME. [Th] = 4.3E-07M, [Sodium acetate] = 0.001M, pH 6, 
[LUDOX-SK] = Ig/L, [Xylenol orange] = 0.001M 
(Reference) = Xylenol orange + LUDOX-SK + Buffer.
(Sample) = Xylenol orange + LUDOX-SK + Buffer + Th-232 
All Absorbance values are normalized to their lowest value 
(Refer to Table C 5)
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Kinetic Modeling of the formation of the Thorium-Xylenol Complex
Several possible reaction schemes were considered to model the color development 
in the silica colloid-thorium-xylenol experiment. The reaction mechanisms should be 
consistent with the following observation.
1) Color formation does not occur to a significant extent in the absence o f silica. The thorium 
precipitate is evidently kinetically inert.
2) Thorium is insoluble at all o f the concentrations examined in this study. SPLITT cell 
observations indicate that thorium forms colloidal associations in the absence of humic 
acid. These associations are most like Th(OH)4 precipitates. Apparently, these associations 
can not be dissolved by the xylenol. The conclusion is that the thorium association with 
the silica colloid is a metastable state. On prolonged standing (incubation), the thorium will 
form a precipitate and the formation of this precipitate is sufficiently favorable so that this 
reaction can be considered irreversible.
3) The extent o f color formation was clearly a function of the amount of xylenol in solution. 
This is in spite o f the feet that the xylenol was in much greater abundance than the thorium 
at all concentrations examined during this study. This observation was interpreted to mean 
that the final color formation presented an equilibrium between the xylenol complex and 
the colloidal silica surface association of the thorium.
Keeping these observations in mind, the following schemes were considered. It must 
be realized that these schemes are not unique and other chemically plausible mechanisms 
could certainly be proposed.
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Scheme 1
T h -S -—'- ^ T h + S  (slow)
"k“ "
Th + Xyl. Th-Xyl. (fest)
k.2
Scheme 2
Th-S + Xyl —1-l- ->  Th-Xyl. + S 
< k",
Scheme 3
Th-S + Xyl. Th-S-Xyl. (fest)
k-i
Th-S-Xyl. -—-2—> Th-Xyl + S (slow)
T f
All o f these kinetic schemes can be solved in closed form. All the kinetic schemes 
include reversible reactions. This was done to accommodate the observations that the color 
formation looks to reach an equilibrium value dependent on the concentration o f xylenol in 
the reaction medium. The mathematical form of all o f the solutions are similar, so that the 
three mechanisms cannot be differentiated mathematically.
Scheme 1 seems unlikely because it involves the release of uncomplexed thorium 
into solution. Scheme 2 is a single step “ligand” exchange type reaction and also seems 
unlikely since the chelating agent is a complex and multi dentate ligand. Scheme 3 seems the 
most likely. The first reaction is fest and may infect be in equilibrium.
One additional possibility is that there are irreversible hydrolysis reactions for both the 
silica surface bound thorium and the thorium-xylenol complex. The loss of the silica bound
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thorium with time was seen with some of the incubation experiments, which gave a lower 
color yield with increasing incubation. Another possibility is that the thorium is diffusing 
deeper into the silica matrix and it becomes more difficult to complex. We are not able to 
distinguish among these two possibilities. However, given the insolubility o f thorium, the 
former interpretation seems very likely. The irreversible formation of a precipitate could 
easily be incorporated into Scheme 3. However, since these experiments have shown no 
strong evidence for a loss of the color during the time period of observation, there was no 
need to introduce a further complication.
The following are mathematical solutions for the three schemes:
Scheme 1
[Th-Xyl] = [Th-S]0( l - e ^ '- ^ ‘)
= _k,k2[Xylj 
k,[S] + k2[Xyl]
- 2 = k 2 I I  __k2[Xyl] _  \ - 1 \
I \ k , [S] + k2[Xyl]/ I
Scheme 2
[Th-Xyl] = <*, [Th-S]0 t l - e ^ ' - ^
=k, [Xyl]
~2 = k . [S]
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Scheme 3
[Th-Xyl] =   [T h -S L O -e^ '-^ )
KI -°C2
« , =
k , + k2
= [S]
k , + k2
Where S = silica surface
Xyl = xylenol orange
(Refer to Appendix C for the mathematical derivations)
“ ,-<*2 = Jci_k2£Xyl]_ + _k,_k2 [S] 
k , + k2 k, + k2
The concentration o f Th-xylenol is proportional to absorbance. In addition, the term
immediately to the right of the parenthesis in each integrated rate expression is the plateau
value o f the concentration of Th-xylenol. This term is also proportional to the plateau
absorbance value. Thus all three equations are o f the general form :
A t =  A0 ( l - e k- ‘)
Where A, is the absorbance at any time (t) after the reaction has started, A,, is the plateau
absorbance, k ^  is the apparent value of the rate constant. This equation can be rearranged
to the following form:
In (1- A ,) =  I w t  
A ,
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This equation can be used to estimate the rate constant provided a value o f A,, can be 
obtained. For some of the kinetic data a plateau has been reached, after about 60 minutes. 
This plateau value is used as A,, in the above equation.
The plots of In (1- A, /AJ = k^.t vs. Time (t) are presented in figure 12-22, for all of 
the data where a plateau absorbance could be estimated. The effect o f contact time with silica 
was examined. The rate o f desorption was apparently slower for 48 hours contact time than 
for 10 hours. The 1 month exposure time yielded a kinetic profile that did not fit the first 
order model.
At all of the concentrations of xylenol used in this study, the amount o f  xylenol greatly 
exceeded the thorium concentration. The rate of complex formation clearly increases with the 
concentration of xylenol (Figure 19 and 20). This implies that xylenol is involved in the rate 
determining step.
The apparent rate o f formation o f the complex decreases with increasing thorium 
formation (Figure 21). This implies that there may be some self association o f thorium on the 
silica surface. This self association may render the thorium more inert.
pH effect on kinetics are summarized in Figure 22. These results indicate that 
dissociation rates from the silica surface are faster at lower pH.
In all of the experiments kinetic plots shown, at least two linear regions are apparent. 
This may be explained by heterogeneity in the thorium speciation on the silica surface. This 
heterogeneity may involve several surface species (or self association on the silica surface) 
or penetration of some of the thorium below the silica surface. In these latter sites, desorption
39
may be limited by slow diflusion of xylenol into these subsurface sites.
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Eq. time, 10 hours 
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FIGURE 18. THORIUM -XYLENOL RATE OF FORMATION AS A FUNCTION 
OF THORIUM-LUDOX-SK EQUILIBRATION TIME.
[Th] = 4.3E-07 M, [Sodium acetate] = 0.001M, pH = 6, [LUDOX-SK] = lg/L, [Xylenol 
orange] = 0.001M
(Reference) = Xylenol orange + LUDOX-SK + Buffer 
(Sample) = Xylenol orange + LUDOX-SK + Buffer + Th-232 
All Absorbance values are normalized to their lowest value
41
-0.5
£<
-1.5
-2
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TIME, min
[Xyl.]=l*10A-3 
[Xyl.]=5.44*10A-5 
[Xyl.]=2.72*10A-5 
[Xyl.]=l .36*10A-5
FIGURE 19. Th-XYLENOL RATE OF FORMATION AS A FUNCTION OF 
XYLENOL ORANGE CONCENTRATION.
[Th] = 4.3E-07 M, [Sodium acetate] = 0.001M, pH = 6, [LUDOX-SK] = lg/L, 
Th-Silica equilibration time = 1 min.
(Reference) = Xylenol orange + LUDOX-SK + Buffer 
(Sample) = Xylenol orange + LUDOX-SK + Buffer + Th-232 
All Absorbance values are normalized to their lowest value
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FIGURE 20. DISSOCIATION RATE OF THORIUM AS A FUNCTION OF 
XYLENOL ORANGE CONCENTRATION. [Th] = 4.3E-07, [LUDOX-SK] = lg/L, 
[Sodium acetate] = 0.001M, pH 6. Th-Silica equilibration time = 1 minute
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FIGURE 21. Th-XYLENOL RATE OF FORMATION AS A FUNCTION OF 
THORIUM CONCENTRATION.
[Sodium acetate] = 0.001M, pH = 6, [LUDOX-SK] = lg/L, [Xylenol orange] = 0.001M, 
Th-Silica equilibration time = 1 min.
(Reference) = Xylenol orange + LUDOX-SK + Buffer 
(Sample) = Xylenol orange + LUDOX-SK + Buffer + Th-232 
All Absorbance values are normalized to their lowest value
45
-0.5
<
I
-1.5
10 20 25 300 5 15
TIME, min
FIGURE 22. Th-XYLENOL RATE OF FORMATION AS A FUNCTION OF 
pH. [Th] = 4.3E-06 M, [Sodium acetate] = 0.001M, [LUDOX-SK] = lg/L,
[Xylenol orange] = 0.001M, Th-Silica equilibration time = 1 min.
(Reference) = Xylenol orange + LUDOX-SK + Buffer 
(Sample) = Xylenol orange + LUDOX-SK + Buffer + Th-232 
All Absorbance values are normalized to their lowest value
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If we assume that there are more than one adsorption sites on the silica surface, we 
can express the formation of thorium-xylenol orange in terms o f two parallel reactions as:
1.Th-S, ~ ~ l~ >  Th-xyl
2. Th-S2 — Th-xyl
Where S, = Adsorption site 1 
S2 = Adsorption site 2 
A curve fit of the equation for the rate expression (A = A ,( l - ek,t) + A2(l-  e -k2t) was 
attempted (Table 7). The k, and k2 values (Table 7) imply that there is a slow (k,) and fast 
(kj) dissociation of thorium-xylenol complex from the silica surface. Since the k2 values, five 
orders o f magnitude, are quite high, this may not be a good model to use. Scheme 3 is the 
most likely mechanism for the dissociation of thorium from silica surface.
TABLE 7. DISSOCIATION RATE CONSTANTS OF THORIUM,
a result o f two component model
[Sodium acetate buffer]=0.001M, pH 6, [LUDOX-SK]=lg/L, [Th-232] = 4.3E-07 
Curve fit equation: A = A,(l-e k|t) + A ,(l-e kjt)_________ ____________ ______
[Xyl.J ■^2 K, k 2
1.0E-03 0.0284 0.0782 0.0214 0.2209
5.4E-05 0.0430 0.0049 0.0405 3.2E+04
2.7E-05 0.0438 0.0080 0.0278 7.5E+05
1.4E-05 0.0396 0.0081 0.0268 1.2E+06
2.7E-06 0.0138 7.5E-11 0.3075 1.1E+05
Th-Silica equilibration time
CHAPTER 4 
SUMMARY AND CONCLUSIONS
This study investigated the interactions of thorium with colloids from Lake Tahoe,
Rogers Spring, Blue point Spring, Muddy Spring, commercially available humic acid, and
commercially available colloidal silica. The interaction o f plutonium with colloids from Mono
Lake was also investigated. As a result o f these studies, the following conclusions have been
drawn.
[1] There is a strong association between thorium and plutonium and colloidal solids. A 
substantial amount o f thorium (81%) and plutonium (98%) passed through a 0.45 pm 
filter. This filter size is traditionally used to distinguish dissolved and particulate matter.
[2] The hydrolysis of thorium increased with an increase in pH (3 to 8). Solubility o f thorium 
decreased with an increase in pH. The maximum adsorption o f thorium on silica surface 
was found to be at pH 3.
[3] In the presence o f xylenol orange, thorium solubility increased appreciably.
[4] Adsorption of thorium on colloidal silica increased with an increase in thorium-colloidal 
silica equilibration time.
[5] The rate of thorium-xylenol orange complex formation is extremely fast initially and 
generally approached a plateau.
[6] An increase in concentration of thorium increased the amount o f thorium-xylenol 
orange complex formed in the presence o f colloidal silica (LUDOX-SK).
[7] An increase in the concentration of xylenol orange (2.32E-06M to 1.0E-03M) increased 
the amount of thorium-xylenol orange complex formed at pH 6. This implies that
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an equilibrium with the silica surface is being set up.
[8] An increase in the concentration o f colloidal silica (0 to 1 g/L) increased the amount of 
thorium available to complex with xylenol orange. There was no thorium-xylenol 
orange complex formed in the absence of silica. This implies that the silica surface has 
a major influence on the speciation o f thorium and thorium-silica complex is 
metastable.
[9] Adsorption and further dissociation o f thorium on and from silica surface was pH 
dependent within the pH range of the experiments, pH 2-8. The maximum adsorption 
was at pH 3 where protonation o f the silica surface and hydrolysis of thorium must 
have been low enough for adsorption o f thorium to take place. As pH is increased, 
hydrolysis dominates the speciation of thorium. Therefore, adsorption to the colloidal 
silica surface becomes insignificant.
[10] It is concluded that dissociation o f thorium from colloidal silica surface can follow 
either schemes 1, 2, or 3, as shown below.
Scheme 1 
Th-S Th + S (slow)
T T
Th + Xyl. - - - -k-2-— > Th-Xyl. (fast) 
k-2
Scheme 2 
Th-S + Xyl —k,~ >  Th-Xyl. + S
<T T ~
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Scheme 3
Th-S + Xyl. - Th-S-Xyl. (fast)
k"
Th-S-Xyl. ~ Th-Xyl+ S (slow)
k.2
[11] The SPLITT cell can be used to study sorption behavior o f thorium by separating bound 
from free metal.
The overall conclusion of this research is that reactions at the colloidal solid/solution 
interface play a significant role in predicting the kinetics of radionuclide reactions with 
colloids. These is needed to predict radionuclide transport in ground water.
Future work should include measurements o f the size and concentration o f colloids 
by using such instruments as Transmission Electron Microscopy. This data can be used to 
evaluate colloidal separation techniques that utilizes TCFF and SPLITT cell. Lower molecular 
weight organic colloids such as citrates, as potential radionuclide sorbents need to be 
investigated.
Surface characteristics o f colloids need to be studied for possible heterogeneity of 
adsorbing sites. Sorption behavior o f thorium on other inorganic colloids such as the oxides 
o f iron and aluminum need to be investigated. The sorption behavior of less strongly 
hydrolyzing radionuclides such as plutonium need to be studied. Future work need to 
differentiate the hydrolysis products of thorium at various aqueous conditions. Thorium- 
xylenol orange complex in solution need to be differentiated from thorium-xylenol complex 
on the silica surface .
Appendix A 
List of symbols for SPLITT cell study
2a4 sample series
2a5-2 sample series
2a5-l sample series
2a5 sample series
2a8 sample series
2a7-l sample series
2a7 sample series
2a6-l sample series
2a9 sample series
2a6 sample series
Interaction of thorium with humic acid, pH 8, 29 days thorium-humic
acid equilibration time .....................................................................  54
Interaction of thorium with humic acid, pH 8, 20 days thorium-humic
acid equilibration time ......................................................................55
Interaction of thorium with humic acid, pH 8,12 days thorium-humic
acid equilibration time .................................................................... 56
Interaction of thorium with humic acid, pH 8, 24 hours thorium-
humic acid equilibration time ..........................................................  57
Interaction of thorium with humic acid, pH 8, 6 hours thorium-humic
acid equilibration time ..................................................................... 58
Interaction of thorium with humic acid, pH 7, 5days thorium-humic
acid equilibration time.......................................................................59
Interaction of thorium with humic acid, pH 7, 24 hours thorium-
humic acid equilibration time .......................................................... 60
Interaction of thorium with humic acid, pH 6, 11 days thorium-humic
acid equilibration time ..................................................................... 62
Interaction of thorium with humic acid, pH 6, 5days thorium-humic
acid equilibration time.........................................................................63
Interaction of thorium with humic acid, pH 6 24 hours thorium-humic 
50
51
acid equilibration time ....................................................................  64
2al2 sample series Interaction of thorium with nanopure water in the presence
of citrate buffer, pH 6.........................................................................65
Appendix B 
SPLITT cell data
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TABLE C l .  THORIUM -XYLENOL OR A N G E C O M PLEX FORM ATION AS A FUNCTION O F  TIM E AND pD
{Sodium acetate] -  0.00IM . [LUDOX-SK1 -  lg /l  (Tb) -  0 000004288 M 
(Reference) ■ Xylenol orange +• LUDOX-SK + Buffer 
(Sample) ■ Xylenol orange + LUDOX-SK + Buffer + Th*232 
(Xyleool orange) ■ 0.001 M, Th-CoDoidal silica equilibration time •  I minute 
AO Absorbance values are normalized to their lowest value
TIMS
M b
Ab*.
■ B J
NORMALIZXD
Abs.
Abs.
•H 4
NORMAL 1ZZD 
Abs.
Abs. NORMAL IZZD 
Abs.
Abs. 
bH 7
NORMAL 12ZD 
Abs.
Abs.
dB I
NORMAL IZZD 
Abs.
I •0132 0 0 041 0 •0.201 0 •0.163 0 •0.305 0
2 0.001 0.133 0.103 0.062 •0.156 0.043 -0.115 0.048 -0.254 0.051
3 0.076 0.208 0.146 0.103 •0.125 0.076 -0.082 0.081 -0.22 0.085
4 0.125 0.237 0.173 0.134 •0.102 0.099 •0.057 0.106 -0.197 0.108
3 0.161 0.293 0.197 0.156 •0.086 0.113 •0.038 0.125 •0.18 0.125
6 0188 032 0.215 0.174 •0.074 0.127 •0.023 0.14 •0.167 0.138
7 0.209 0341 0.229 0.188 -0.064 0.137 •0.012 0.151 -0 157 0.148
8 0226 0.338 0.24 0.199 •0.055 0.146 •0.002 0.161 •0.148 0.157
9 0239 0.371 0.25 0.209 -0.048 0.133 0.007 0.17 •0.141 0.164
to 0.232 0384 0.259 0.218 •0.042 0.159 0.014 0.177 •0.135 0.17
U 0.261 0393 0.267 0.226 •0.036 0.165 0.021 0.184 -0.131 0.174
12 0.27 0.402 0.273 0.232 •0.03 0.171 0.027 0.19 -0.126 0.179
13 0.279 0.411 0.279 0338 •0.026 0.175 0.032 0.195 •0.121 0.184
14 0.286 0.418 0.283 0.244 •0.021 0.18 0.037 02 •0.118 0187
13 0.292 0.424 0.29 0249 •0.017 0.184 0.042 0.205 -0.114 0.191
16 0.298 0.43 0.295 0.254 -0.013 0.188 0.046 0.209 •0.111 0.194
17 0.303 0.435 0.299 0.238 -0.009 0.192 0.05 0.213 •0.108 0.197
I t 0308 0.44 0.304 0.263 •0.006 0.195 0.053 0.216 ■0.105 02
19 0312 0.444 0.307 0.266 •0.003 0.198 0.057 0.22 -0.102 0.203
20 0316 0.448 0311 0.27 0.001 0.202 0.06 0.2Z3 •0.1 0.205
21 032 0.452 0314 0.273 0.004 0.205 0.063 0.226 -0.097 0.208
22 0.324 0.436 0.317 0.276 0.006 0.207 0.066 0.229 -0.095 0.21
.23 0327 0.459 0.32 0379 0.01 0.211 0.069 0.232 -0.093 0.212
24 033 0.462 0324 0383 0.012 0.213 0.071 0.234 -0.091 0.214
23 0333 0.465 0.326 0.285 0.014 0.213 0.074 0.237 •0.089 0.216
26 0.336 0.468 0.329 0.288 0.017 0.218 0.076 0.239 ■0.087 0.218
27 0 339 0.471 0.331 0.29 0.019 0.22 0.078 0.241 •0.085 0.22
28 0.342 0.474 0.333 0.292 0.022 0.223 0.081 0.244 •0.084 0.221
29 0344 0.476 0.337 0.296 0.024 0.225 0.083 0.246 •0.082 0.223
30 0.346 0.478 0.338 0297 0.026 0.227 0.085 0.248 •0.08 0.225
31 0.349 0.481 034 0.299 0.028 0.229 0.087 0.25 41.079 0.226
32 0351 0.4S3 0342 0301 0.03 0.231 0.089 0.252 •0.077 0.228
33 0353 0.485 0344 0303 0.032 0.233 0.09 0.253 •0.076 0.229
34 0355 0.487 0346 0.305 0.034 0.233 0.092 0.255 -0.074 0.231
33 0357 0.489 0.348 0.307 0.036 0.237 0.094 0.257 •0.073 0.232
36 0359 0.491 0.349 0.308 0.037 0.238 0.096 0.259 -0.072 0.233
37 026 0.492 0.351 0.31 0.039 0.24 0.097 0.26 •0.07 0.235
38 0362 0.494 0.333 0.312 0.041 0.242 0.099 0.262 •0.069 0.236
39 0.364 0.496 0.355 0314 0.043 0.244 0.1 0.263 •0.068 0.237
40 0.363 0.497 0.356 0.315 0.044 0.245 0.102 0.265 -0.067 0.238
41 0367 0.499 0.338 0.317 0.046 0.247 0.104 0.267 -0.066 0.239
42 0369 0.501 0.359 0318 0.047 0.248 0.105 0.268 •0.064 0.241
43 0.37 0.302 0.361 0.32 0.049 025 0.106 0.269 •0.063 0.242
44 0372 0.304 0362 0.321 0.03 0.251 0.108 0.271 -0.062 0.243
43 0373 0.505 0.363 0322 0.052 0.253 0.109 0.272 •0.061 0.244
46 0375 0.507 0.365 0.324 0.033 0.254 0.11 0.273 -0.06 0.245
47 0.376 0.508 0.366 0323 0.055 0.256 0.1 M 0.274 •0.059 0.246
48 0.377 0.309 0.367 0.326 0.036 0.257 0.113 0.276 •0.058 0.247
49 0.379 0.311 0369 0328 0.057 0.258 0.114 0.277 -0.057 0.248
30 038 0.312 0.37 0.329 0.038 0.259 0.115 0.278 -0.056 0.249
31 0381 0.513 0371 033 0.06 0.261 0.117 0.28 •0.055 0.25
32 0382 0.514 0372 0331 0.061 0.262 0.118 0.281 -0.055 0.25
33 0.383 0.515 0.373 0.332 0.062 0.263 0.119 0.282 •0.053 0.252
34 0.383 0.517 0.374 0333 0.064 0.265 0.12 0.283 41.053 0.252
35 0386 0.518 0.376 0.335 0.065 0.266 0.121 0.284 •0.051 0.254
36 0387 0.519 0.376 0.335 0.066 0.267 0.122 0.285 •0.051 0.254
37 0388 0.32 0.377 0.336 0.067 0268 0.123 0.286 41.05 0 255
38 0.389 0.521 0.379 0.338 0.068 0.269 0.124 0.287 •0.049 0.256
39 039 0.522 0.38 0.339 0.069 0.27 0.125 0.288 •0.049 0.256
60 0392 0.524 0.38 0.339 0.071 0.272 0.126 0.289 41.048 0.257
65 0.396 0.328 0.385 0.344 0.076 0.277 0.131 0.294 41.044 0.261
70 0.401 0.533 0389 0348 0.08 0.281 0.135 0.298 •0.04 0.265
73 0.405 0.537 0.394 0353 0.085 0.286 0.139 0.302 •0.037 0.268
80 0409 0.541 0.397 0.356 0.089 0.29 0.143 0.306 -0.034 0.271
83 0.414 0.346 0.401 0.36 0.093 0294 0.146 0.309 •0.031 0.274
90 0.417 0.549 0.403 0362 0.097 0298 0.15 0.313 •0.028 0.277
93 0.421 0.553 0.406 0.365 01 0.301 0.153 0.316 •0.026 0.279
too 0423 0.557 0.409 0.368 0.104 0.303 0.156 0.319 -0.023 0.282
105 0427 0.559 0412 0.371 0.107 0308 0.159 0.322 •0.021 0.284
110 0.43 0.362 0413 0374 0.11 0.311 0.161 0.324 •0.019 0.286
115 0.433 0.565 0.417 0.376 0.113 0314 0.164 0.327 •0.017 0.288
120 0.436 0.568 0.42 0379 0.113 0.316 0.166 0.329 41.014 0.291
123 0.438 0.57 0.422 0381 0.118 0319 0.169 0.332 -0.012 0.293
130 0.441 0.573 0.424 0.383 0.121 0.322 0.171 0.334 41.01 0.295
133 0.444 0  576 0.426 0.383 0.123 0324 0.173 0.336 41.009 0 296
140 0.446 0.578 0.428 0.387 0.126 0327 0.175 0.338 -0.007 0.298
143 0 448 0.58 0.43 0.319 0.128 0.329 0.177 0.34 •0.005 0.3
150 0.45 0.382 0.432 0.391 0.13 0.331 0.179 0.342 41.003 0.302
155 0.452 0.584 0.433 0.392 0.132 0.333 0.181 0.344 •0.002 0.303
160 0.434 0.386 0.435 0.394 0.134 0.335 0.182 0.345 0 0.305
163 0.436 0.388 0.437 0396 0.136 0.337 0 184 0.347 0.001 0.306
170 0.438 039 0.439 0.398 0.138 0339 0.186 0549 0.003 0.308
173 046 0392 0.44 0399 0.14 0.341 0.187 0.35 0.004 0309
180 0.462 0.394 0442 0401 0.141 0.342 0.189 0352 0.005 0.31
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TABLE CX THORIUM-XYLENOL ORANGE COMPLEX FORMATION AS A FUNCTION OF LUDOX-SK CONCENTRATION
[Sodiua accuu| •  OOOIM.pH6.fTh) *0  000004288 M
(Reftreact) -  Xytenol orancr ♦ LUDOX-SK ♦ Buffo
(Scspk) -  Xykrol orange ♦ LUDOX-SK ♦ Buffo ♦ Tb-232
TVS*ha etjuiliknnon time ■ I ab u ts
AO A borbnce values an  normalized to then lowest value
T M E
Mta
Aba.
1 cA LUDOX-SK
NORMALIZED
Aha.
Aha.
0.5 ■/) LUDOX-SK
NORMALIZED
Aha.
Aha.
8.1 »A LUDOX-SK
NORMALIZED
Aha.
Aha
M l  «fl LUDOX-SK
NORMALIZED
Aha.
Aha
NOLUDOX
NORMAL!
Aha
1 •0201 0 •0113 0 •0 112 0 •0 121 0 •0 136 0
2 •0.156 0043 •0.085 0028 •0 109 0.003 •0 121 0 •0136 0
3 •0 125 0076 •0.069 0044 •0 107 0005 •0 121 0 •0 136 0
4 -0 102 0099 -0059 0054 •0 106 0 006 •0 122 •0001 •0 136 0
5 •0 086 0115 •0.032 0 061 •0 107 0005 •0122 •0 001 •0 136 0
6 •0 074 0127 •0 046 0 067 •0.106 0006 •0122 •0001 •0 136 0
7 •0064 0137 •0042 0 071 •0 106 0 006 -0122 •0001 •0 136 0
8 -0055 0146 •0.039 0074 •O 105 0 007 •0 122 •0001 •0 136 0
9 •0.048 0153 •0.035 0.078 •0.106 0.006 •0123 ■0002 •0.136 0
10 •0 042 0139 •0033 008 •0.106 0 006 •0 123 •0.002 •0136 0
It •0036 0165 •0.031 0.082 •0107 0.005 •0 123 •0002 •0.136 0
12 •003 0.171 •0 029 0084 •0107 0005 -0 123 -0002 •0 136 0
13 •0026 0175 41.027 0086 •0107 0005 •0123 •0.002 •0.136 0
14 •0.021 0.18 •0.025 0088 •0.108 0004 •0123 •0002 •0 136 0
15 ■0017 0184 •0024 0089 •0 108 0004 •0 123 •0002 -0 136 0
16 •0013 0188 •0022 0 091 •0 109 0003 •0123 •0002 •0 135 0001
17 •0 009 0 192 •0 021 0092 •0.109 0 003 •0123 •0002 •0136 0
IS •0.006 0.193 •0019 0.094 •0 109 0003 •0123 -0002 •0135 0001
19 -0.003 0 198 •0018 0 095 •Oil 0 002 •0123 •0002 -0136 0
20 0001 0202 -0.017 0 096 •0 11 0002 •0123 •0002 •0135 0001
21 0.004 0203 •0016 0 097 •0111 0001 -0 123 •0002 -0 135 0 001
22 0006 0207 •0015 0 098 •0 111 0.001 •0.124 •0003 •0 135 0 001
23 001 0211 •0.014 0 099 • o u t 0001 •0.124 •0003 •0 135 0001
24 0012 0213 •0013 0.1 •0112 0 -0.124 •0003 ■0 135 0001
25 0.014 0213 •0012 0 101 •0 It 0002 •0124 •0 003 •0 135 0001
26 0017 0218 •00)1 0.102 •Oil 0002 -0124 -0 003 •0 135 0001
27 0.019 022 -001 0.103 •0111 0001 •0124 •0003 •0.135 0001
28 0022 0223 -0.009 0.104 -0111 0.001 •0 124 -0.003 -0 135 0001
29 0 024 0225 •0.008 0 105 -0.111 0 001 •0 124 •0 003 -0135 0001
30 0026 0227 -0.007 0.106 •0.112 0 •0 124 •0003 •0 135 0 001
31 0.028 0229 -0.007 0 106 •0 112 0 -0 124 •0.003 •0 135 0.001
12 003 0231 •0006 0 107 •0.112 0 •0 124 •0 003 -0 135 0.001
33 0.032 0233 •0 005 0 108 •0.112 0 •0 124 •0 003 •0 135 0001
34 0.034 0235 •0.004 0.109 •0.113 •0.001 •0.124 -0 003 •0 135 0 001
35 0 036 0237 -0.004 0109 •0113 •0.001 -0.124 •0003 •0 135 0 001
36 0.037 0238 •0003 O il -0 113 •0 001 -0124 •0003 •0 135 0 001
37 0.039 024 •0002 0 III •0113 •0.001 •0124 •0.003 •0 135 0001
38 0.041 0242 •0.002 0.111 •0.113 -0.001 •0.124 •0 003 -0 135 0001
39 0 043 0244 •0.001 0 112 •0 113 •0001 -0.124 -0003 •0135 0.001
40 0044 0243 •0001 0 112 -0 114 •0.002 •0.124 -0003 •0.135 ooot
41 0.046 0247 0 0 113 •0 1)4 •0.002 •0124 •0 003 •0135 0001
42 0047 0248 0001 0 114 -0 114 -0002 •0 124 •0003 -0 135 0001
43 0.049 025 0.001 0.114 •0 114 -0002 •0 124 ■0 003 •0 135 0001
44 005 0251 0002 0 115 •0 114 •0 002 -0 124 -0003 •0 135 0001
45 0.032 0253 0.002 0 115 •0.114 •0.002 •0 124 •0.003 •0 135 0.001
46 0.053 0254 0.003 0.116 •0 114 •0002 •0 124 -0.003 •0 135 0001
47 0055 0256 0003 0.116 •0114 •0.002 -0 124 •0.003 ■0 135 0001
48 0056 0257 0.004 0.117 -0114 •0002 •0124 -0.003 -0 135 0001
49 0057 0258 0004 0117 •0 114 •0 002 •0124 •0 003 •0 135 0.001
SO 0038 0259 0005 0 118 •01)4 -0 002 •0124 •0 003 •0 135 0.001
51 006 0.261 0005 0 118 •0 114 •0 002 -0124 •0 003 •0135 0 001
52 0.061 0262 0006 0 119 •0 114 •0002 -0 124 •0.003 •0135 0 001
53 0.062 0263 0.006 0.119 •0 114 •0.002 •0 124 •0003 -0134 0.002
54 0.064 0265 0006 0 119 •0.114 •0.002 •0 124 •0.003 ■0 135 0001
55 0.065 0266 0.007 0.12 •0 114 •0.002 •0.124 -0 003 •0 135 0001
56 0.066 0267 0.007 0.12 -0.114 •0.002 •0.124 •0.003 •0 135 0.001
57 0.067 0268 0008 0.121 •0.114 •0002 •0124 •0.003 •0 135 0001
58 0068 0269 0008 0.121 •0.114 •0002 •0124 •0 003 •0 134 0002
59 0069 027 0.008 0.121 -0.114 •0 002 •0.124 -0 003 •0 135 0 001
60 0.071 0272 0009 0.122 •0.114 -0 002 •0 124 •0.003 -0135 0 001
65 0076 0277 0011 0 124 -0 114 •0 002 •0 124 •0.003 •0135 0 00)
70 0.08 0281 0013 0.126 •0 115 •0.003 •0 125 •0.004 •0 134 0 002
75 0085 0286 0014 0 127 •0 115 •0.003 •0 125 -0004 -0 134 0 002
SO 0 089 029 0016 0.129 •0.115 -0.003 •0 123 •0.004 •0 134 0 002
85 0093 0294 0.017 0 13 -0 116 •0004 •0125 •0004 •0 134 0.002
90 0.097 0298 0.018 0 131 •0.116 •0.004 •0.125 •0.004 •0.134 0002
95 0 1 0301 002 0 133 •0 116 •0.004 •0125 •0.004 -0 134 0002
too 0 104 0305 0021 0 134 -0 117 •0005 •0123 •0004 •0134 0002
105 0 107 0308 0022 0 135 -0 117 •0.005 -0125 -0.004 •0.134 0 002
110 0.11 0311 0.023 0 136 •0.117 •0.005 -0 125 •0.004 •0 134 0.002
US 0 113 0314 0 024 0 137 •0.117 -0.005 •0 125 •0 004 •0134 0 002
120 0 115 0 316 0025 0 138 -0118 •0.006 •0 125 •0.004 •0134 0.002
125 0.118 0319 0.026 0.139 •0118 •0 006 -0 125 -0004 •0134 0 002
130 0 121 0.322 0.027 0.14 -0.118 -0 006 •0 125 •0.004 •0 134 0.002
135 0.123 0J24 0 028 0 141 •0.118 -0.006 -0.123 •0.004 -0 134 0002
140 0 126 0.327 0 029 0.142 •0.118 •0.006 •0123 •0 004 •0 134 0 002
145 0.128 0.329 0.03 0.143 •0.118 •0.006 -0.125 •0 004 •0.134 0002
ISO 013 0J3I 0.031 0.144 -0 118 •0 006 -0.125 •0004 •0 134 0002
155 0.132 0.333 0031 0 144 -0 118 •0 006 •0125 -0004 •0134 0002
160 0 134 0.335 0032 0 145 -0.118 •0.006 •0125 -0.004 •0134 0 002
165 0.136 0337 0033 0 146 •0 118 •0 006 •0 125 •0004 -0.134 0 002
170 0 138 0339 0.034 0 147 -0 118 •0 006 •0 125 •0.004 •0)34 0002
175 0 14 0.341 0034 0 147 •0 118 •0 006 -0 125 •0004 •0 134 0 002
180 0 141 0 342 0033 0 148 •0.118 •0 006 •0.125 •0004 •0 134 0002
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TABLE CX THORIUM-XYLENOL ORANGE COMPLEX FORMATION AS A FUNCTION OF THORIUM CONCENTRATION
(SodhsBacctMe]~0.001M,pH 6, fXytenol onmee) 0.001M, (LUDOX-SK] "  tgA
(Rdt i u c c ) -  Xylcnol orange » LUDOX-SK + Buffer
(Staple) -  Xyfcnol orv«e + LUDOX SK + Buffer ♦  TV232
T lv S a c a  • q iA v a t io n  ttm t •  1 m in i*  
A f A b to fb a n o o  v a h m  are  n o rm a ftn d  to  thair b w w t  valua
TIME
Mfc
Ate.
1T8K4.3K-07 M
NORMALIZED
A te
A te  
ITM -2.11-06 M
NORMAL IZZD 
A te
A te
rrh M J E -M M
NORMALIZED
A te
A te  
rrfct-2.1E45 M
NORMAL UZD 
A te
1 •0.126 0.000 •0.196 0.000 4.201 0.000 0.348 0.000
2 •0.101 0.025 •0 176 0020 4.156 0.045 0458 0.110
3 •0.083 0.041 -0.163 0003 4.125 0.076 0.368 0.220
4 •0.074 0.052 •0.153 0.043 4.102 0.099 0.671 0.323
3 -0.068 0.058 •0.146 0.050 4.086 0.115 0.767 0.419
6 -0.062 0064 •0.140 0.056 4.074 0.127 0.851 0.510
7 •0.059 0.067 •0.135 0.061 4.064 0.137 0.937 0.589
8 •0.035 0.071 •0.130 0.066 4.055 0.146 1.013 0.665
9 -0053 0.073 -0.127 0.069 4.048 0.153 1.082 0.734
!0 -0.031 0.075 •0.123 0073 4.042 0.139 1.144 0.796
II •0.049 0.077 •0.121 0075 4.036 0.t63 1.203 0.855
12 •0.047 0.079 -0.118 0078 4.030 0.171 1257 0.909
13 •0 046 0.080 -0.116 0.080 4.026 0.175 1205 0.957
14 •0.043 0.081 •0.114 0.082 4.021 0.180 1.352 1.004
13 •0.044 0.082 -0.112 0 084 4 0 1 7 0.184 1.396 1.048
16 •0 043 0.083 -o .n o 0.086 4.013 0.188 1.435 1.087
17 •0.042 0.084 •0.109 0.087 4.009 0.192 1.474 1.126
18 •0.041 0.085 •0.108 0.088 4 0 0 6 0.195 1209 1.161
19 •0.040 0.086 •0 106 0.090 4.003 0.198 1.344 1.196
20 -0.039 0.087 •0.105 0.091 0.001 0.202 1.573 1.225
2! •0.039 0.087 •0.104 0.092 0.004 0205 1.602 1.254
22 •0.038 0.088 -0.102 0.094 0.006 0.207 1.630 1282
Z3 •0.038 0.088 -0.101 0.095 0.010 0.211 1.658 1.310
24 •0.037 0.089 •0.100 0.096 0.012 0.213 1.683 1.335
23 •0.036 0.090 •0.099 0.097 0.014 0.213 1.704 1.356
26 •0.036 0.090 -0.098 0.098 0.017 0218 1.731 1.383
27 •0.036 0.090 •0.098 0.098 0.019 0.220 1.752 1 404
28 •0.035 0.091 •0,097 0.099 0.022 0.223 1.773 1.425
29 -0.(05 0.091 •0.096 0.100 0.024 0.223 1.793 1.445
30 •0.034 0.092 •0.095 0.101 0.026 0.227 1.812 1.464
31 •0.034 0.092 •0.095 0.101 0.028 0.229 1.828 1.480
32 -0.033 0.093 -0.094 0.102 0.030 0.231 1 846 1.498
33 •0.033 0.093 •0.094 0.102 0.032 0.233 1.865 1.517
34 •0.033 0.093 •0 093 0.103 0.034 0.235 1.877 1.529
35 -0.033 0.093 •0.092 0.104 0.036 0237 1.895 1.547
36 •0.032 0.094 •0.092 0.104 0.037 0.238 1.911 1.563
37 •0.032 0.094 -0.091 0.105 0.039 0.240 1.926 1.578
38 -0.032 0.094 -0.091 0105 0041 0.242 1.937 1.589
39 •0.031 0,095 -0.090 0.106 0 043 0.244 1.952 1.604
40 •0.031 0.095 •0 090 0.106 0.044 0.245 1.967 1.619
41 •0.031 0.095 -0.089 0.107 0.046 0247 1.981 1.633
42 -0.031 0.095 •0.089 0.107 0.047 0.248 1.993 1645
43 -0.031 0.095 •0.089 0.107 0.049 0250 1.999 1.651
44 •0.030 0.096 •0.088 0.108 0.050 0251 2.010 1.662
43 •0.030 0.096 -0.088 0.108 0.052 0.253 1029 1.681
46 -0.030 0.096 •0.087 0.109 0.053 0 254 2.037 1.689
47 •0.029 0.097 •0.087 0.109 0.055 0.256 2.050 1.702
48 •0.030 0.096 -0.087 0.109 0.056 0257 2.06! 1.713
49 -0029 0.097 •0.086 0.110 0.057 0.258 2.074 1.726
50 •0.029 0.097 -0.086 0.110 0.058 0.259 2.080 1.732
31 •0.029 0.097 -0.086 0.110 0.060 0.261 1087 1.739
52 -0.029 0 097 •0.085 0.111 0.061 0262 2.098 1 750
53 •0.029 0.097 -0.085 0.111 0.062 0.263 2.110 1.762
54 -0028 0.098 •0.084 0112 0.064 0.265 2.121 1.773
53 •0.028 0.098 •0.084 0.112 0.065 0.266 2.129 1.781
56 •0.028 0.098 -0.084 0.112 0.066 0267 1136 1.788
57 •0.028 0.098 •0.083 0.113 0.067 0.268 1150 1.802
38 •0.028 0.098 •0.083 0.113 0.068 0.269 2.156 1.808
59 •0.028 0.098 4.083 0.113 0.069 0.270 2.167 1.819
60 •0.028 0.098 •0.082 0.114 0.071 0272 1171 1 823
63 •0.027 0.099 •0.081 0.115 0 076 0277 2.211 1.863
70 •0.026 0.100 -0 079 0117 0.080 0.281 2.243 1.895
75 -0.026 0.100 -0.078 0.118 0.085 0.286 2.285 1.937
80 •0.026 0.100 4.077 0 119 0.089 0.290 2.308 1960
85 -0.025 0.101 4.075 0.121 0.093 0.294 1346 1.998
90 •0.024 0.102 4.074 0122 0.097 0.298 2.376 2.028
95 •0.024 0.102 4.073 0.123 0.100 0.301 2405 2.057
100 -0.023 0.103 4  072 0.124 0.104 0J03 1429 2.081
105 -0.023 0.103 4.071 0.125 0107 0.308 2.464 2.116
UO •0.023 0.103 4.070 0.126 0110 0.311 2.477 2.129
115 -0.023 0.103 4.069 0.127 0.113 0.314 2.506 2.138
120 •0.022 0.104 4.068 0.128 0.115 0316 2.518 2.170
125 •0.022 0.104 4.067 0.129 0.118 0.319 2.559 2.211
130 •0.022 0.104 4.066 0.130 0.121 0.322 1550 2.202
135 •0.022 0 104 4.065 0.131 0.123 0.324 1550 2.202
140 •0.022 0.104 4.064 0.132 0.126 0.327 2.595 2.247
145 -0022 0.104 4.063 0.133 0.128 0.329 2.618 2.270
150 •0.021 0 105 4.062 0.134 0.130 0.331 2.625 2.277
135 -0.021 0.105 4.061 0.135 0.132 0.333 2.636 2.288
160 -0.021 0 105 4.060 0.136 0.134 0.335 2 662 2.314
165 •0.021 0.105 4.059 0.137 0.136 0J37 1680 2.332
170 -0.020 0.106 4.058 0.138 0.138 0239 1728 2J80
175 •0.021 0.105 4.057 0.139 0.140 0.341 1700 2J52
180 -0.020 0106 4 0 5 7 0.139 0 141 0342 2.724 2376
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T A B U  C4 TRORIUM -X7UNOL ORANGE COMPLEX FORMATION AS A FUNCTION OFXYLENOL ORANGE CONCENTRATION
fThJ -  4.3E-07M, (Sodiuo aacwm M fcr] -  0  00IM. pH 6. |UJDOX-SK] -  Igl
TVStbca equlibriOoc b i s  *  I ran
(Referenc*)* Xylcnolaraage + LUDOX-SK + Buffer
( S t q N ) "  X )t« s l a tu g t  * LLDOX SK * Buffer +Tb*232
All A baortaa* v tlu n  ere m n n l i s d  K> its lowest value
TIME
M b
Aka.
DM1 -  LOS-43 M
NORMALIZED
Ate.
Aka.
D M .1-S 4I-43M
NORMALIZED
Aka.
AM.
0 M .1 -2 .7 E 4 5 M
NORMALIZED
Aim.
Aba. 
tX fil -  L4E-0S M
NORMALIZED
Aka.
Aka.
D M .I-Z .7E 46M
NORMALIZED
Aka.
I •0.120 0 000 •0 044 0000 •0032 0000 •0 008 0 000 •0003 oooo
2 •0.102 0.024 •0037 0007 -0.025 0007 •0.001 0007 0002 0.005
1 •0.08S 0 0 4 t -0034 o o to •0.021 0011 0004 0012 0005 0008
4 •0074 0052 •0 032 0012 •0018 0014 0006 0014 0007 0010
5 •0068 0.058 -0030 0014 •0.016 0016 0.007 0.015 0008 0011
6 -0062 0064 -0028 0016 •0.015 0017 0.009 0017 0.009 0.012
7 •0 059 0067 •0026 0018 •0.014 0018 0010 0018 0010 0013
8 •0.053 0.071 •0.025 0.019 •0.013 0.019 0.011 0.019 0.010 0.013
9 •0.053 0.073 -0.024 0020 -0.012 0.020 0011 0.019 0.011 0.014
to ■0051 0.075 •0.023 0.021 -0.011 0021 0.012 0.020 0011 0014
It •0049 0077 •0023 0 021 -0011 0021 0012 0020 0011 0 0 t4
12 •0.047 0.079 •0.022 0.022 •0.010 0022 0013 0.021 0.012 0015
13 •0.046 0.080 •0.021 0.023 •0009 0023 0014 0.022 0.012 0015
14 •0045 0081 •0020 0024 •0 009 0 023 0014 0022 0012 0015
13 -0.044 0.082 -0019 0025 -0.008 0024 0.013 0.023 0012 0.015
16 •0.043 0.083 -0.019 0025 -0.008 0.024 0.013 0.023 0012 0015
17 •0 042 0084 -0018 0026 -0.007 0025 0016 0.024 0012 0015
18 •0041 0.085 •0017 0027 •0.006 0026 0.016 0.024 0.011 0014
19 •0.040 0.086 •0017 0027 •0.006 0026 0.017 0.025 0.012 0015
20 •0039 0.087 •0016 0028 •0005 0027 0017 0025 0011 0014
21 •0039 0087 •0013 0029 •0 005 0027 0017 0 025 0011 0014
22 •0.038 0.088 -0.014 0.030 •0.004 0028 0018 0.026 0011 0.014
23 -0.038 0.068 •0.014 0.030 -0004 0028 0018 0026 0011 0 0t4
24 -0 037 0.089 -0013 0 031 -0 003 0029 0019 0027 0.011 0014
25 •0.036 0.090 •0012 0.032 •0.003 0.029 0019 0.027 0.011 0014
26 •0.036 0.090 •0.012 0.032 •0.002 0.030 0.020 0028 0011 0014
27 •0036 0090 -0011 0033 -0002 0030 0020 0028 0011 0014
28 -0.035 0.091 -0.010 0034 •0.001 0031 0.020 0028 0.011 0.014
29 •0035 0091 •0.010 0.034 •0.001 0031 0.021 0.029 0011 0014
30 -0.034 0092 •0.009 0.035 0000 0032 0.021 0.029 0011 0014
31 •0034 0.092 •0009 0 035 0000 0032 0022 0030 0011 0014
32 -0.033 0.093 •0008 0036 0001 0033 0.023 0.031 0011 0014
33 •0.033 0.093 -0008 0.036 0.001 0033 0023 0031 0.011 0014
34 -0033 0 093 -0007 0037 0002 0034 0021 0 029 0011 0014
35 •0.033 0.093 •0.007 0.037 0.002 0.034 0.024 0032 0011 0014
36 •0.032 0.094 •0.007 0.037 0.003 0035 0.024 0.032 0.011 0.014
37 -0032 0094 -0006 0038 0 003 0035 0025 0033 0011 0014
38 •0.032 0.094 •0.006 0.038 0.004 0.036 0.025 0.033 0010 0013
39 •0031 0.095 •0.005 0039 0.004 0036 0.025 0.033 0011 0014
40 -0031 0.09S -0005 0039 0.003 0 037 0026 0034 0011 0014
41 ■0031 0095 •0005 0039 0005 0037 0027 0035 0 0 )0 0 0)3
42 •0.031 0.095 •0004 0 040 0.006 0038 0.027 0.035 0.011 0.014
43 •0031 0095 •0004 0040 0006 0038 0027 0035 0010 0013
44 ■0030 0096 •0004 0040 0006 0038 0 028 0036 0010 0013
45 •0.030 0.096 -0003 0.041 0007 0.039 0.028 0.036 0.010 0013
46 •0.030 0.096 ■0003 0041 0007 0039 0.029 0.037 0.010 0013
47 •0 029 0097 -0003 0 041 0008 0 040 0029 0037 0010 0013
48 -0.030 0.096 •0.003 0.041 0 008 0 040 0029 0.037 0.010 0.013
49 ■0029 0 097 •0.002 0 042 0009 0.041 0029 0.037 0010 0013
SO •0 029 0.097 •0002 0 042 0.009 0041 0030 0.038 0.010 0013
St -0.029 0.097 •0.001 0.043 0.009 0041 0.030 0.038 0.010 0013
S2 •0.029 0.097 •0001 0.043 0010 0042 0.031 0.039 0010 0.013
S3 -0029 0097 •0001 0 043 0.010 0.042 0031 0039 0.010 0.013
54 •0028 0 098 •0001 0043 0011 0 043 0031 0 039 0010 0013
S3 -0028 0.098 0.000 0.044 0.011 0 043 0032 0.040 o o to 0013
56 •0028 0.098 0.000 0.044 0.011 0 043 0.032 0040 0010 0013
57 -0 028 0098 0000 0044 0012 0 044 0032 0040 0010 0013
58 •0 028 0098 0.001 0 045 0.012 0.044 0-033 0.041 0010 0.013
59 •0.028 0.098 0.001 0 045 0.013 0.043 0.033 0.041 0.010 0.013
60 ■0028 0098 0001 0.045 0013 0045 0.034 0.042 0.0)0 0.013
65 -0.027 0.099 0.002 0.046 0.015 0.047 0035 0.043 0010 0013
70 •0.026 0.100 0.004 0 048 0.016 0.048 0.037 0.045 o o to 0013
75 •0.026 0.100 0005 0049 0018 0 050 0038 0.046 0010 0013
80 •0026 0100 0007 0051 0019 0 051 0040 0048 0010 0013
85 -0.025 0.101 0.008 0052 0 021 0053 0041 0.049 0.009 0.012
90 •0024 0102 0009 0053 0022 0054 0 042 0050 0009 0.012
95 •0024 0 102 0010 0054 0023 0055 0 044 0052 0009 0012
too •0023 0.103 0011 0.055 0.025 0057 0.045 0.053 0.009 0012
105 -0.023 0.103 0012 0056 0.026 0.058 0046 0054 0.009 0012
110 •0 023 0.103 0012 0056 0027 0059 0047 0.055 0009 0012
115 -0023 0 103 0013 0.057 0 027 0059 0.048 0056 0009 0012
120 •0.022 0.104 0014 0058 0.028 0060 0.049 0  057 0009 0.012
125 •0022 0104 0014 0058 0 029 0061 0050 0058 0 009 0012
130 •0.022 0104 0015 0059 0030 0062 0051 0 059 0009 0012
135 -0.022 0.104 0.016 0.060 0 031 0.063 0.051 0059 0.009 0.012
140 •0022 0.104 0016 0060 0031 0.063 0.052 0060 0009 0012
145 -0022 0104 0017 0 061 0032 0064 0053 0061 0009 0012
150 •0.021 0.103 0017 0.061 0032 0064 0.053 0.061 0009 0012
155 •0.021 0.105 0.017 0061 0033 0.065 0054 0062 0009 0012
160 •0021 0105 0018 0062 0033 0065 0055 0063 0009 0012
165 •0021 0.105 0018 0.062 0.034 0.066 0055 0.063 0009 0.012
170 -0.020 0.106 0019 0063 0.034 0066 0056 0064 0009 0012
175 •0 021 0.103 0019 0063 0035 0.067 0056 0.064 0 009 0012
180 •0020 0106 0019 0 063 0035 0067 0057 0065 0009 0012
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T A IL !  C5. THORIUM-XYLENOL ORANGE COMPLEX PORMATION AS A FUNCTION OF THORIUM-LUDOX-SK EQUILIBRATION TIME
|  Th) -  4.2M8E-07, (Sodium acctxtc] -  O.OOIM, pH 6. (LUDOX-SK) -  Ig/l, (Xylene! orange] -  0 OOIM
(Reference) “  Xyleaol orange * LUDOX-SK + Buffer
(Staple) -  Xyleool onnpe + LUDOX SK + Buffer+Tb-23 2
All AWofonoe vtfaes ere nocmtluBd to their lowest vtbse
TIME
Ml*
Abs.
E«. t e c .  2 b t t n
NORMALIZED
AW.
AW.
Kl  t e c .  10 W art
NORMALIZED
AW.
AW.
It. t e c .  48 b o tn
NORMALIZED
AW.
AW.
E t. t e c .  I M ettb
NORMALIZED
AW.
I •0 141 0 -0.135 0 -0.223 0 0.363 0
2 •0.119 0.022 •0.108 0.027 •0.206 0.017 0.366 0001
3 -0.105 0.036 •0.095 004 •0.194 0.029 0.365 0
4 •0.094 0.047 •0.083 0.032 -0.185 0.038 0.365 0
3 -0 087 0.054 •0 077 0.058 -0.178 0.045 0.364 •0 001
6 •0.082 0.039 •0.072 0.063 ■0.172 0.031 0.364 •0.001
7 -0.071 0.063 •0.068 0.067 -0.167 0.036 0.363 -0.002
1 -0.073 0.066 •0 066 0.069 •0.163 0.06 0.363 •0.002
9 •0.073 0.068 •0.064 0.071 •0.159 0.064 0.363 -0 002
10 -0 07 0.071 •0 062 0.073 -0.136 0 067 0.363 -0.002
11 •0.069 0.072 •0.061 0.074 -0.154 0.069 0.363 -0.002
12 •0.067 0.074 •0.06 0.073 •0.151 0.072 0363 •0.002
13 •0 066 0.075 -0.038 0.077 •0.149 0.074 0.363 •0 002
14 -0.063 0.076 •0.051 0.077 •0.147 0.076 0.363 •0.002
13 •0.064 0.077 •0.057 0.078 -0.143 0.071 0.363 -0.002
16 •0.063 0.078 -0.056 0.079 •0 143 0.08 0.363 -0.002
17 -0062 0079 •0.035 0.08 •0.141 0082 0.363 •0.002
II •0.061 008 -0.055 0.08 •0.14 0.083 0.363 •0.002
19 -0.06 0081 -0.034 0.081 •0.138 0.083 0.363 •0.002
20 •0.06 0.081 •0 054 0.081 •0.137 0.086 0.363 -0.002
21 •006 0 081 •0.053 0.082 -0.136 0.087 0363 •0.002
22 •0.059 0.082 •0.033 0.082 •0135 0.088 0363 •0.002
23 -0.059 0.082 -0.052 0.Q83 •0.134 0.089 0364 -0.001
24 •0 038 0.083 -0.052 0.083 -0.133 0.09 0364 •0.001
23 •0.031 0.083 -0.031 0084 -0 132 0.091 0.364 •0.001
26 •0.038 0.083 •0.051 0.084 •0.131 0.092 0364 -0.001
27 •0.051 0083 -0.051 0.084 •0.13 0093 0365 0
21 •0.057 0.084 •0.05 0085 •0.129 0.094 0365 0
29 •0.057 0.084 -0.03 0.085 •0.128 0 095 0.365 0
30 -0.057 0.084 •0.05 0.085 -0.127 0.096 0.366 0 001
31 -0.057 0.084 •0.049 0.086 -0.127 0.096 0366 0001
32 •0.057 0.0S4 •0.049 0.086 -0.126 0.097 0367 0.002
33 -0.057 0.084 -0 049 0.086 •0.125 0.098 0.367 0.002
34 •0.056 0.085 •0.049 0.086 •0.124 0.099 0367 0.002
33 -0.056 0.085 •0.048 0.087 -0124 0.099 0368 0,003
36 •0.036 0.083 -0.048 0.087 •0.123 0.1 0368 0.003
37 •0.056 0.083 -0.048 0087 -0123 0.1 0.369 0.004
38 -0.056 0.085 •0.048 0.087 -0122 0.10! 0.369 0.004
39 •0.056 0.083 •0.048 0.087 •0.122 0.101 037 0.003
40 •0.056 0.085 •0.048 0.087 •0.121 0.102 037 0.003
41 •0.056 0.085 •0.047 0.088 -0.121 0.102 0371 0.006
42 -0.036 0.083 -0.047 0.088 -0.12 0 103 0.371 0.006
43 -0 056 0.083 •0.047 0.088 •0.119 0.104 0.372 0.007
44 •0.056 0.085 •0.047 0.088 -0.119 0.104 0.373 0.008
43 •0.056 0.083 -0.047 0.088 •0.118 0 105 0.373 0.008
46 •0.036 0.083 •0046 0.089 •0.118 0 103 0.374 0.009
47 •0.056 0.085 •0.046 0.089 -0.117 0.106 0374 0.009
48 -0.036 0.085 •0.046 0.089 •0.117 0.106 0.375 0.01
49 •0.056 0.085 -0.046 0089 -0 116 0.107 0.375 0.0)
30 •0.056 0.085 •0.046 0.089 •0.116 0 107 0376 0.011
31 -0 056 0.085 -0.046 0.089 •0.116 0.107 0.377 0.0)2
32 •0.056 0.085 •0 046 0089 •0.115 0.108 0.378 0.013
33 -0.056 0.085 •0043 0.09 •0.115 0.108 0378 0.013
34 •0.036 0.085 -0043 0.09 •0.114 0.109 0.379 0.014
33 -0.036 0.085 •0.043 0.09 •0.114 0.109 0.38 0.015
36 •0056 0.085 •0.043 0.09 -0 114 0.109 0.38 0.015
57 •0.036 0.083 •0.045 0.09 -0.113 O il 0.381 0.016
38 -0.036 0.085 •0.045 0.09 •0.113 0.11 0.382 0.017
39 •0.036 0.085 •0.045 0.09 •0.113 0.11 0.382 0.017
60 -0.056 0.085 •0.043 0.09 •0.112 0.111 0.383 0.018
63 •0.057 0.084 -0.044 0.091 -0.111 0.112 0386 0.021
70 •0.057 0.084 •0.044 0.091 •0.109 0.114 039 0.025
75 -0.038 0.083 •0.044 0.091 -0.108 0.113 0.394 0.029
80 •0.038 0.083 •0.043 0.092 -0.106 0.117 0397 0032
83 ■0.059 0.082 •0.043 0.092 •0.105 0.118 0.401 0 036
90 -0.039 0.082 •0.043 0.092 -0 104 0.119 0.403 0.04
93 •0.06 0.081 •0.042 0093 •0.103 0.12 0.409 0.044
100 •0.06 0.081 •0.042 0.093 •0.102 0 121 0.412 0.047
105 -0.061 0.08 •0.042 0.093 •0.101 0.122 0.413 0.05
110 •0.061 0.08 -0.042 0.093 •0.1 0 123 0.4)8 0.053
115 •0.062 0.079 •0.042 0.093 •0.099 0.124 0.421 0.036
120 -0.063 0.078 •0 041 0.094 •0.098 0.125 0.424 0.039
123 •0.063 0.078 -0.041 0.094 -0.097 0.126 0.426 0.061
130 -0.064 0.077 •0.041 0.094 •0.096 0 127 0.427 0.062
133 •0 064 0.077 •0.041 0.094 -0.093 0.128 0.429 0.064
140 •0.065 0.076 •0.041 0.094 •0.095 0.128 0.43 0.065
143 •0066 0.075 -0.041 0.094 -0.094 0.129 0 431 0 066
130 -0.066 0.075 •0.041 0.094 •0.093 0.13 0.433 0.068
155 •0.067 0.074 -0.04 0.095 -0.092 0.131 0.435 0.07
160 •0.067 0.074 •0.04 0.095 •0.091 0132 0.438 0.073
165 -0.068 0.073 •0.04 0.095 -0.091 0.132 0.441 0.076
170 •0.069 0.072 •0.04 0.095 4.09 0.133 0.445 0.08
175 •0.069 0072 •004 0.095 •0.089 0.134 0448 0 083
180 •0.07 0.071 •0.04 0.095 •0.089 0 134 0.432 0.087
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Mathematical derivations for the kinetic modeling 
Scheme 1
ki
Th-S --------> Th + S
< ---------
k-i
Th + X yl. > Th-Xyl.
< ---------
k.2
dT h = k, [Th-S] - k-, [Th][S] - k2[Th][Xyl] + k-2[Th-Xyl] 
dt
[Th] = _ k , _ [ I h ^ .k-2XTh-X yl]_  
k-, [S] + k2 [Xyl]
^[Th-Xyl] = k2 [Th][Xyl] + k-2 [Th-Xyl]
dt
= k2 [Xyl] f_k1..[Th-S] + k-2 [Th7Xyl].  |  - k-2 [Th-Xyl] 
I k , [S] + k2 [Xyl] I
afTh-Xvl] =  k,k2 [Xvl] [Th-S] + k 2k2 [Xvl] [Th-Xyl] - k-2 [Th-Xyl]
dt k , [S] + k2 [Xyl] k , [S ]  + k2 [Xyl]
Xyl » T h
[Th-S]0 = [Th-S] + [Th-Xyl]
if “ 1 = — k,k2.[Xyl]
k., [S] + k2 [Xyl]
k-, _ k 2JX yl]_ 
k-, [S] + k2 [Xyl]
-1
g[ThrXyl]- = «, [Th-S] + oc2 [Th-Xyl]
dt
= oc, [Th-S]0 - oc, [Th-Xyl] + «2 [Th-Xyl]
_d_ [Th-Xyl] = «, [Th-S]c - (oc, - «2) [Th-Xyl] 
dt
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_a_
at
[Th-Xyl] e = «,[Th-S]0e (“' - ^
[Th-Xyl] =  g^,_dh-Slo_
( o c ,  .  o c2)  \
A = A»( l - e * * * 1)
In (1- A/A») = -kobst
Scheme 2
aTh-Xyl = k, [Th-S][Xyl] - k., [Th-Xyl][S]
at
[Th-S]0 = [Th-S] + [Th-Xyl]
= k, [Xyl] [(Th-S)0 - (Th-Xyl)] - k , [S] (Th-Xyl)
atllhXyU = k, [Xyl][Th-S]0- (k, [Xyl] + k., [S] ) [Th-Xyl]
dt
«, = k,[Xyl]
“ i + cc2 ~ (k, [Xyl] + k ] [S])
[Th-Xyl] = «, [Th-S]0 /l - e -<“■+ ‘ \
<*( + «2 ' I
A = A0( l - e k- * ‘)
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Scheme 3
K
Th-S +Xyl -------> Th-S-Xyl (fast)
<---------
k-i
k2
Th-S-Xyl ------- > Th-Xyl+ S
<---------
k-2
d [Th-S-Xyl] = k, [Th-S][Xyl] - k-, [Th-S-Xyl] - k2 [Th-S-Xyl] + k-2 [Th-Xyl][S]
[Th-S-Xyl] = k| [Th-S] [Xvl] + k-2 [Th-Xyl] [S] (Steady state approximation)
k-, + k2
.atTh-Xyl] = k2 [Th-S-Xyl] - k 2 [S][Th-Xyl]
at
= k2k1.[Xyl][Th-S] + _k 2Jk2. [S][Th-Xyl] - k 2 [S][Th-Xyl] 
k , + k2 k., + k2
[ThS] = [ThS]0 - [Th-Xyl]
= k2l im m h = m  + k 2 [S]( /_Jc2_  \ - l \  [Th-Xyl]
k , + k2 \ \ k , + k21 I
a[Th-Xyl] = k^.jXylJlTh-SJo - k2 k ^ y HLThrXyl] +k,2 [S] / / _k2_  \ - l \  [Th-Xyl]
at k , + k2 k., + k2 \ \ k , + k2 / I
= «, [Th-S]0 - «, [Th-Xyl] + «2 [Th-Xyl]
= “ 1 [Th-S]0 - («, .  «2) [Th-Xyl]
.a.[Th-Xyl] + («, - “ ^[Th-Xyl] = [Th-S]0
at
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